PROCEEDINGS 


THE INSTITUTION OF 
CIVIL ENGINEERS 


PART I 
MARCH 1952 


ORDINARY MEETING 
18 December, 1951 


_ ALLAN STEPHEN QUARTERMAINE, C.B.E., M.C., B.Sc., 
President, in the Chair 


The President said that he very much regretted to have to inform 
the Meeting of the recent death of Sir Peirson Frank, who had been 
- President of The Institution during the year 1945-46. A Resolution of 
_ Condolence had been passed by the Council and conveyed to Lady Frank. 


The Council reported that they had recently transferred to the class of 


| Members 


Rowatp Ernest Dupitey Barn, B.E., CHARLES KENNETH HASWELL, B.Se. 
B.A.I. (Dublin). (Eng.) (Lond.). 
Kort Brie. ALEXANDER Lusuie, T.D., M.A. (Cantab.). 


ames Norman McKay Camppett, Wittiam Tuomas Marsnat, Ph.D., 
“BS Sc. (Eng.) (Lond.). B.Se. (Eng.) (Lond.). 
CooPrER. SoLomon Smmon Morris, B.Sc. (Cape 


USSELL MACKENZIE CURRIE. Town). 
Water Cuarius DUFFILL. Henry Oxrvier, M.Sc. (Cape Town). 
James Rossin Farqunarson, C.B.E., Jon CHRISTOPHER QUINN, M. A M. Ad 
B.Sc. (Glas.). __ (Dublin). fa 
| Tarvermay CLaupE Frampton, O.B.E. Harry RippHaren. 
_ Witrriy Esmonp Hammon, B.Sc. Kyaw Sern, MSc. (Manchester), 
(Eng.) (Lond.). ALAN JOHN WATEINS. 

: : LE 
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118 ADMISSIONS 


and had admitted as 


Students 


DaNIEL WASHINGTON IptyEMI ALUKO. 

ZAHER BAHER ABDALLA, M.Sc. (Eng.). 

RopeERIcK AGNEW. 

MourtapA AHMED 

Arras ALAM, B.Sc. (Punjab). 

Maurice GraHam ALLINSON. 

ALLAN PETER ANDREWS. 

JoHN Bryan ARMSTRONG. 

Joun SHaw ASPINALL. 

JAMES HUMPHREYS 
(Cantab.). 

Puiie DENNIS BAKER. 

GrorGcE KzritH BALpInG. 

Joun LEONARD BARRELL. 

Bryan ALLEN BARTLEY. 

JoHN Kerry BATEMAN. 

ARTHUR ROLAND BATES. 

‘Derrick MattHEW BEUSMANS. 

Wiu1am James Bevis (Jnr.). 


Barnes, B.A. 


ALAN WILSON BLAKEY. 


CHRISTOPHER JOHN BLUNDELL. 

RicHarp THoMas ALVERNE BoLiTHo. 

Cuivre Borrrity, B.Sc. (Manchester). 

DENNIS WALTER ALBERT BOWER. 

PrtrerR Murray Boyp, B.Sc. 
tingham). 

Norzsert Martin Braun. 

Joun ANTHONY BROADHEAD, 

Derrek CLIFFORD BRUNNING. 

WILLIAM BROOKSBANK. 

Brian JOHN BROOMFIELD. 

Prrer Epmunp Bult. 

ALAN Ernest BULLOOK. 

Derrek Hewitt BuRNLEY. 

Samvue. James CALLAGHAN, 

Peter Barpourn Carri. 

Isaac Francts Carr. 


(Not- 


 Tsomas ALEXANDER CHALMERS. 


Mrowart Nicose CuristopouLipEs. 
Vincent PrrctvaL Cauna. 
omas Epwarp CLARKSON. 
Joun Crom CLuTTERHAM. 
AuLAN Boyne Cocuran. 
Ronatp Cotiny, 
Bertram GERALD THORPE CoPELAND. 
Bryan Copiey. 
Tan Corstn. 
DowaLp Stantey Courten. 
Cameron Craia. 
Joun Norman Crow. 
NEVILLE Crowrner. . 


-Epwarp Jamns CUNNINGHAM. 


DWARD NATHANIEL Davins. 
BL ALAN GauntLert Drak. 
Derek Gurorrrey pE Brxpar, B.Se. 
(Eng.) (Lond.). 
Sotmncahennick Nacusna Kaman 


Aan Tuomas DOEL. 

Joun ALEXANDER DOLAN. 

JosErH Byrom Dvurry. 

Dents NicEL WARRINER Earp. 

Joun MicHart Eppison. : 

NEVILLE Bruce EDE. 

Petrér EprncToNn ELLEN. 

Hueu Ricuarp MAXIMILIAN 
B.Eng. (Liverpool). 

MicHarEL JOHN Essex. 

Giyn Evans. 

Joun THEODORE FINEY. 

Joun Hucu BENNETT FISHER. 

Ronatp EpMuND FirzGEORGE. 

Eric Fow es. 

Davin JoHn Munson FRENCH. 

DonaLpD WILLIAM FRENCH. 

JouN MICHAEL GALLERY. 

Joun ALFRED GALLON. 

PonnusaMy GanENDRA, B.Sc. (Eng.) 
(Lond.). 

Tan Provan GARDINER. 

Stewart Garrett. 

Roy Wriu1aM GIrris. 

JoHN GLANVILLE. 

Epwarp Francis GtLoverR, BA 
(Cantab.). 

James LAWRIE GORDON, 

RacuMIEL GORIN, 

Brian GORMLEY. 

Pretrer JOHN GRANT. 

ALEXANDER [arn GRASSIB. 

Mauricr GREENBAUM. 

Atan NorMan Grice. 

Rosert GEORGE GussEy. 

Trevor Davip HaLLworru. 

Roy Josrru Hatsrrap, 

Dovetas JAMES HAMILTON: 

Joun ANTHONY HANNAFORD, 

Maxwe.t Bryor Hart, 

Joun TrrRENCE CRAWFORD HaRvEY. 

WALTER Hay. ; 

NEVILLE Barrre HEATHOOTE. 

James Ropert HEAVER. 

Ronatp Atwyn Hesp. 

Brian Stuart HickLEenTon. 

Barry Ouiver Hinson. 

GrRALp HinxMan. 

Rosert Hopason. 

Antuony Ernest Hotmns. 

Raymonp W1Itu1aAM Horn. 

Norman Hoyip, 

Josnrpy Brian Hvauns. 

Atan Jonn RopNEY HvGunspon. 

Ian Hutoutson, 

Grorrrny Hammond Hypn. 

Laxsuman Hoim Iswarran. 

DonaLp Grant JEFFERrEs. 


E.w107, 
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ADMISSIONS 


- Ropurr Arruur Jonus. 


a 


ARTHUR Dinis KEEND. 

Roy Wriam Kent. 

Cottn Harotp Kinessury. 

NEVILLE JAYAMPATHIE BANDARANAYAKE 
KotTaGamMa. 

Visita SrTtsENA KULATUNGA. 

JouHN Howarp Lama. 

Davip Gapssy Lewis. 

Granam LEwIs. 

Prrrr Licut. 


_ Eric Lirton. 


Peter Lownps, B.Sc. (Manchester). 
FRANCIS MoCarvitt. 
Prtrrr MacraRLAng. 


- Nort Iaw Murray McGuu. 


Rospert McGowan. 

Brian Ropertson McKunna. 
JoHN MicHarL McKENNA. 
RonaLtp Dioxson McMurray. 
Tuomas MoGrucor MeNtz. 
KumarasamMy MAHESAN. 
Rosert BREWSTER MARKHAM. 


_ ARNOLD DEREK MIDDLETON. 


LEONARD MINSHULL. 
CHRISTOPHER KENDALL Davin MITCHELL. 
Davip CamERON MOLLISON. 


- Ricwarp Burton Monk. 


DonaLp More@an. 
Joun Kutitanp Moraan, B.Sc. (Wales). 


- RonaLp Stewart Morison. 


Drrek Munro. 
Jonun Epwarp Neruaway, B.Sc. (Eng.) 
- (Lond.). 


PrtTreR GrorGE NIcoLson. 


Maver NIspPEu. 

THomas AKINOLA JATYEOLA OLUFUN- 
MILAYO OLUWOLE. 

Peter GEorGE O’ NEILL 

Mavrice PercrvaL PaLrrey. 

Prrer MicHAEL PALMER. 

JOHN FREDERICK PATRIOK. 

Cyrit JOHN PENNIKET. 


_ Davin CaRIsTOPHER PETERS. 


a 
Zz 
E 


Row.LanpD Francois Pococg. 


Matcotm Tuomas FREDERICK Pratt, 
B.Sc. (Eng.) (Lond.). 

CHRISTOPHER PuaH. 

Denys ArrHur Racz, B.Sc. (Eng.) 


(Lond.). 


_ Parr REEVES. 
_ Karu Simmons RENNER. 
_ Gi~BERT RIcHARDSON. 


; = 
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GuorGE Lusitin Roprmsoy. 

Dzrrexk FREDERICK Roz, 3 

Vincent ANTHONY Ross. 

Epwarp CAMPBELL RuppDOoK, B.A., 
B.A.I. (Dublin), 

Davip AUGUSTINE SANKEY. 

PavuL HERBERT SCARLETT. 

GERARD SEYMOUR Matcotm ScHoKMAN. 

Srspeat HaBiE SELASSIE. 

MAHnINDA EHELEPOLA SENEVIRATNE. 

Rosin SHEPHERD. 

Davin Wriu14M Smits. 

Prrer DonaLp STEPHENS. 

CoLin BENNETT STEVENS. 

HueuH Waker Srrain, B.A., B.A.I. 
(Dublin). 

Roy Sutton. 

ALAN EDWARD SWANN. 

ALAN WYLIE TATFORD. 

Prrer TAyLor. 

Rosin HENRY THIRLWAY, 

Davin THOMAS. 

ALEXANDER Kurta THOMSON. 

RownaLp Dovueias THOMSON. 

Davin THornToy, B.A., B.A.I. (Dublin). 

JEEVARATHINAM VICTOR THURATRASA- 
SINGAM. 

LzronagpD James TOBIN. 

Hues Torrennam, B.A, (Cantab.). 


Kenneta Witton TremBaty, B.E. 
(New Zealand). 

FRANK ROYLE TURNER. 

Lovis James VITALI, B.Sc. (Eng.) 


(Lond.). 

Roxsert [an WALKER. 

JAMES WARD. 

Martin JoHn PETER Wenuan: B. Sc. 
(Eng.) (Lond.). 

Corin ARTHUR WarnuR, B.Sc. (Eng,) 
(Lond.). 

ANTHONY WILLIAM WATERFIELD. 

MIcHAEL JAMES WESTON. 

JOHN FREDERICK: WHITEHOUSE. 

CLEMENT JAYATISSA WIJETUNGE. 

Wiru14mM Frranaccon FouLtkEs WIL- 
LIAMS, 

Joun Davip WILLSON. 

Micuant Smton Anaus Witson, B.A. 
(Cantab.). 

JOHN LEONARD WINSON. 

KENNETH WRIGHT. 

Rosgert Hpyry FRANCIS Race WYEXZs. 


br 
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The Scrutineers reported that the following had been duly elected as — 


Members 


Ove Nyquist Arup, B.Sc. (Copenhagen). 
Henry Gustavus Furruy, B.A., B.C.E. 
(Melbourne). | 
Major-General LAURENCE 
Granp, C.B., C.LE.; C.B.E. 
Orro HotpEn, B.A.Sc. (Toronto). 


DovuGiLas 


Associate Members 


Prrrr James Apams, B.Sc. (Eng.) 
(Lond.), Stud. I.C.E. 

SranLey CLARKE AGNEW, B.Sc. (Belfast), 
Stud. I.C.E. 

Kernneta Epwin Arscow, B.Sc.Tech. 


(Manchester), Stud. I.C.E. 


Rozsert Epwin AITKEN, B.Sc. (St. 
Andrews), Stud. 1.C.E. 
RerveL Auprrson, B.Sc. (Durham), 


Stud. I.C.E, 


- Atgok Roprnson AupreEn, B.Sc. (Man- 


chester), Stud, I.C.E. 

Joun WILLIs ALEXANDER, M.A. (Cantab.). 

Ratnam ALEXANDER. 

Joun Scorr ALLEN, Stud. I.C.E. 

Ropert McoNar ALLEN. 

KENNETH Guy ANDERSON. 

Conrap Ivar Penton ANDREN, B.Sc. 
(Eng.) (Lond.). 

Jonn Warwick AnpDREW, B.Sc. (Leeds), 
Stud. I.C.E. 

Jonun Freperick Contetr ANDREWS, 
B.A. (Cantab.). 

Henry APPEL. 

Wru1am APPLEYARD, 
(Lond.). 

Huyry Doveaias ARMSTRONG, 
(Belfast). 

James Hopason ARMSTRONG, 
(Glas.), Stud. I.0.E. 

Fit.-Licut. EnNEst RONALD WHEELDON 


B.Sc. (Eng.) 


B.Se. 
B.Se. 


Anis. 
Mauna Ayz, B.Se.Tech. (Manchester). 
Cottn Ayrrs, B.So. (Eng.) (Lond.). 
Riouarp Socorr Ayiwarp, 
(Cantab.). 
Davin Anprew Baan, B.Sc. (Eng.) 
Lond.) 


( ny 

Guorcr Ivor Batpwiy, B.Eng. (Shef- 
field), Stud. 1.0.E. | ee, 

Groner BALL. 

MicHarL Joun Baroray, B.A. (Cantab.), 
Stud. L.C.E. 

Brian Dearpen Barns, M.A. (Cantab.). 

Roy Antony Baxrmr. 

Davip Drummond Baytey, 


B.A. 
(Cantab.), Stud. I.0.F. 


ELECTIONS 


Major-General Henry Porter WOLsE- 
Ley Hourtson, C.B., D.S.0., O.B.E., 


Witt1am Oakey TURNER, 
M.S. (Eng.) (Illinois), B.Sc. (Eng.) _ 
(Lond.). 


ArTuur LAWRENCE HORNIBROOK BAYLIS, 
B.Se. (Eng.) (Lond.), Stud. 1.C.E. 

Peter WILLIAM BEAUMONT. 

Wri Cotiis BELL. 

Davip Bree t, B.Sc. (Glas.). 

Joun Brack, B.Sc. (Eng.) (Lond.). 

Srvuart Brackrorp, M.A. (Cantab.), 
Stud. I.C.E. 

Ricuarp SHarPe Botton, B.E. (New 
Zealand), Stud. 1.C.E. 

Henryk Romvuatp Borxowsxt, B.Sc. 
(Eng.) (Lond.). 

ALEXANDER HucHes Bowman, B.Sc. 
(Glas.). 

CraupE Dunne Boyts, B.Sc. (Glas.). 

ARTHUR BREBNER, B.Sc. (Aberdeen). 

Haroup Pare Briaas, Stud. 1.C.E. 

WaLltrR Harry BROcKLEHURST, 
B.Sc.Tech. (Manchester), Stud. 1.C.E. 

JouN BRopRICK. 

WALTER Brown. ; 

Ronatp Retre Bruce, B.Sc. (Aberdeen). 

PetrrR Evcrnrt Brvuewt, B.Sc. (Eng.) 

a agp Stud. 7. BSo. (Eng) 
om RopErick Burton, B.Sc. ( ms 
(Lond.). 

Pavut Catpweit, D.F.C., B.Sc.Tech. 
(Manchester). 

Rospert ALEXANDER CALLANDER, B.E. 
(New Zealand), Stud. 1.0.E. é 

James McLzan Cameron, Stud. I.0.E. 

JosmrH Macirop CAMPBELL, B.Se.Tech. 
(Manchester), Stud. 1.C.E. 

Ricuarp Frepprick CHapnery, B.Sc. 
(Eng.) (Lond.), Stud. I.0.E. q 

Huprrt Cuapwick. 

JamEs ALEXANDER CLARK, Stud. I.0.E. 

eae CLarKE, B.Sc. (Belfast), Stud. 

Avan CiEaG, B.Sc. (Eng.) (Lond.). 

Davip Norman Coates, B.A. (Cantab.). 

Freperick Wiu1am Coats, B.A. 

Pbehatrs Mise, LC.E. “" 
EORGE uGLASs CocoHRANH, M.A. 
(Cantab.). a 

Brian Toomas Cottrys, Stud. 1.C.E. 

CLARENCE MaxweEtu Conn. ' 


ELECTIONS 


121 
- JOHN ConsTABLE. SAMARAPPULIGH WiLson FERNANDO, 
Cyrm Witt1am Coox, B.Sc. (Hdin.), B.Sc. (Eng.) (Lond.). 


Stud. I.C.E. 
_ JouN Naprrer Coorzr, M.A. (Cantabd.), 
- Stud. 1.C.E. 
+ CHARLES Erto CopELanp. 
_ Gorpon Epison Corry. 


Brian Cox, B.Se.Tech. (Manchester), 
Stud. I.C.E. 
' Joun Raymonp OCrastrer, M./. 


(Cantab.), Stud. 1.C.E. 
_ Wi11am Cranston, B.Sc. (Glas.). 
Sons ANDREW CRooxs. 
_ Ian Kerr Cross, B.Sc. (Glas.). 

: a . OSEPH CRYER, B.Sc. (Leeds), Stud. 
- Marcus Lionet Currie, B.Sc. (Wales). 
~ Ronatp HeErsert Dantets, B.Sc. (Bir- 

mingham). 
_ CHaries Ciark Davipson, Stud. 1.C.E. 
_ RogEr Wri114m Davizs. 
_ Auwyn CouLtson Davison, 
(Durham). 
= Beto Ds Davison, B.Sc. (Manchester), Stud. 
Derrick RicHarD Day, B.Sc. (Eng.) 
=) (Lond.). 
_ Ronatp Wri114M HeEnry Day, B.Sc. 
(Eng.) (Lond.). 
Franois JosepH Dran, M.Eng. (Liver- 
pool), Stud. I.C.E. 
- CHartes Comriz Dewuurst, B.Sc. 
, (Durham), Stud. I.C.E. 
_ Downaup Caries Cassets Drxon, B.A. 
(Cantab.). 
Watter Harotp James Dozson, B.Sc. 
(Bristol), Stud. 1.C.E. 
_ Joun Vivian Drake, Stud. I.C.E. 
_ Evetyn FRancis DRAPER, B.A., B.A.I. 
ee (Dublin). 


B.Sc. 


- Roy Dunn, B.Sc. (Eng.) (Lond.), Stud. 


AR OR De 
_ Kewnetu Maynarp DunscomsBe. 
Cartes Emmizn Jvuiien Dvurenots, 
a B.Sc. (Birmingham). 
- Davin Henry Dvvatt, B.A. (Cantab.). 
Joun Nort Earnornez, B.Sc. (Eng.) 
(Lond.), Stud. 1.C.E. 
~ Joun Antuony Epcutey, Stud. I.C.E. 
- Dovetas Hues Mortey Epmunps, B.Sc. 
Z (Wales). 
Rosert Witson Epwarps, Stud. 
 L.C.E. 
Ropert Exruicu, B.Sc. (Witwatersrand), 
~ Stud. 1C.E. 
: Kerra Guy Eroxuorr, M.A. (Cantab.), 
g Stud. 1.C.E. 
Derek Lewis Evans. 
-Freperick Witi1am Evans. 
JoHN WILLIAM Evans 
Frank Frrouson, B. Se. (Belfast). 
NissanKa | SrRIAPALA SEEMON FERNANDO. 


GERALD JoHN FitzGERa.p, B.Sc. (Glas.), 
Stud. I.C.E. 

Rosert Parsons FLEMING. 

Pure GrorGcr TRUSLER FLINDERS. 


MicuarL Srymour fFortnton, B.A, 
(Cantab.), Stud. I.0.E. 

Russet Fox, Stud. 1.0.E. 

Cours SruaRT Fraser, B.E. (New 
Zealand). 

Matcotm Dennis Frumman, B.Eng. 
(Sheffield), Stud. 1.C.E. 

JAGADISH CHANDRA GANGULY, B.Sc. 


(Eng.) (Lond.), B.Sc. (Calcutta). 

Ronan Lynam Garpner, B.A., B.A.I. 
(Dublin), Stud. I.C.E. 

JozEr Gurzon, M.B.E., B.Sc. (Eng.) 
(Lond.). 

WARREN ARTHUR GIBSON. 

Epwarp RicHARD GILES. 

Mourpo Joun Giiizs. 

Dennis RAYMOND GOATLY. 

Joun Water Goprrey, B.Sc. (Eng.) 
(Lond.), Stud. I.C.E. 


Wiru1am Bayne Goopatt, B.Sc. 
(Durham), Stud. I.C.E. 
FREDERICK GrorGE Gowpy, B.Sc. 


(Belfast). 

Davip GrorcE Grarnasr, B.A. (Cantab.), 
Stud. I.C.E. 

Norman Sypney Joun Grassam, Ph.D., 
B.Sc. (Eng.) {Lond.). 

Peter Rosert James Graves, Stud. 
L.C.E. 

Ciemons LANnDSEER GREEN, B.A. (New 
Zealand). 

Lrstiz Mavuricn GREEN. 

Gorpon GreEenoueH, B.Eng. (Liverpool), 
Stud. 1.C.E. 

Wrutam Caaries Grimsey, Stud. 1.C.E. 

StanLey Basnett GROCOTT. 

Hepiey Roy Guerntn, B.Sc. (Leeds). 

Artuur JoHn Cuartes Happon, B.Sc. 
(Eng.) (Lond.), Stud. I.C.E. 

JoHN Hanson. 


SamurL OCuirrorp Harpy, B.Eng. 
(Sheffield). 
Drrrick Nicnuors Harrison, B.Sc. 
(Leeds). 


Tuomas Martin Harr. 

Witrrep HartTLey. 

JouHn ALAN meh 
(Lond.). —~ 

Tuomas HAWKES. 

Aan Haynus, M.A. (Caniab.), Stud. 
1.C.E 

FREDERICK JoHN HEASMAN, 

JosErH HmATON. 

Errio Wiru1am HEIN, 
Zealand). 

Hyman Hankin. 


B.Sc. (Eng.) 


BB. (New 
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Epwarp Joun Witson Henry, Stad. 
LC.E. 

REGINALD Franois Heynes, B.Sc. (Eng.) 
(Lond.). 

Anrnony Francois Hiaarns, B.E. 
(National). 

Goprrey HILL. 

AtLan Hopaxrson, M.Eng. eget oe” 

Prererr CHARLES HOLDERNESS, c. 
(Eng.) (Lond.). 

Joun Rosson Hupson, M.B.E., B.Sc. 
(Eng.) (Lond.). 

Gwitym THomas JOHN Hvucurs. 

THomas Davip James Hvueues, Stud. 
I.C.E. 

Joun Hunter, B.Sc. (Glas.). 

Lawrence Joun Huss, B.Se. (Glas.), 
Stud. I.C.E. 

KennetH Copspan Imriz, M.Sc. (Man- 
chester). - 

Witiram Imrie. 

Frraus IsHERwoop. 

James Harvey TREVITHIOK Ivory, M.A. 
(Cantab.), Stud. 1.C.E. 

James ALLAN Jackson, Stud. 1.C.E. 


SPENCER GEORGE Jackson, B.Sc. (Eng.) 


(Lond.), Stud. I.C.E. 

Tuomas JACKSON. 

Joun WrLL1AM ANDREW PEREDUR JAMES. 

Riowarp Pamir Boyp Jamzs, B.Sc. 
(Eng.) (Lond.), Stud. I.C.E. 

Freprrick Wiliam JENEnG, B.Se. 
(Wales). 

Prrer ARTHUR JESSOP. 

CLepwyn Owen Jones, B.Sc. (Eng.) 
(Lond.), Stud. 1.0.E. 

Epwarp OwEN JONES. 

Sran.ey Jones, B.So. (Wales). 

JOHN Jupson, B.Sc. (Eng.) 
(Lond.). 

CHaBapatHy Kattpasan, B.Sc. (Eng.) 
Lond 


ie 

Davip Ricuarp MoLran Ket, B.Sc. 
(Bristol), Stud. 1.0.E, 

Vernon Nort KE.ty. 

Prrer Forbes Kemp. 

Rosy Mackin Korr, B.Sc. (Hdin.), 
Stud. 1.C.E. 

Kenneth Artuur KersHaw, B.So. 
(Eng.) (Lond.). 

Monammap Kuatar Satp Knarar, B.Se. 
(Fouad). 

Berry Cameron Kipp, M. ia: (Belfast), 
Stud. 1.0.8. 

Joun Henry Gannoop Kina. 

Rosin Kryaston, Stud. 1.0.E. 

James Davip Kirsy. 

Ronatp Hersert Knicut. 

be pie GaBRIEL Konarskr, Stud. 

Lam Po-Hon, M.Sc. (Lond.), B.Se. (Hong 
Kong). 


ELECTIONS 


James Crozier LAMBIE. 

RaymMonp Epwarp LANGLEY, 
yen) land). 
Jouxn KennetH Les, B.Se. 
chester), Stud. I.C.E. : 

Joun Lerry, B.Sc. (Birmingham). 

James Royston Levitt, Stud. I.C.E. 

GerorceE Coir Irvine LILLy. 

Joun Tony Livenay, Stud. I.C.E. 

Henry Russert Lioypn. 

RonaLp Rosert Lioyp, M.A. (Cantab.). 

Rozsert Atwyn Lioyp-Owern, B.Se. 
(Eng.) (Lond.). 

Bryan Grsert Lona, B.Sc. (Eng.) 
(Lond.), Stud. 1.C.E. 

DoveLas CARRUTHERS McCaLLum. 

Joun ARNOLD MacponaLp, B.E. (New 
Zealand), Stud. 1.C.E. 

Joun CamErRon Forspes MACDONALD, 
B.Sc. (Eng.) (Lond.). 

— McEwan, B.Sc. (Glas.), Stud. 


Aan RopErick McKay, Stud. I.C.E. 
James McNarr. 
Joun JAMIESON MACONOCHIE. 


B.Se. 
(Man- 


Davip Murray MaoPurrson, B.Sc. 
(Glas.), Stud. I.C.E. 

ROBERT STEWART LIVINGSTONE 
MacVicar. d 


reac’ Grecory Manonny, Stud. 

iron gcas Marxuam, B.Sc, (Eng.) 

CLiFFoRD MarspzEn, B.Sc. (Manchester), 
Stud. LC.E. 

Cyrrit JoserH Mazzertt. : 

Norman Harotp MENESSE. : 

ArtuuR Henry Merorr, B.Sc. (Eng.) 
(Lond.), Stud. I.C.E. 

Prerer Merritt, Stud. I.C.E. 

Rosert Cook Micnre, BSc. (Aberdeen). 

JaMES DuxkE Mixnp, Stud. I.C.E. 

Joun Buack Morrison, _ 

Matocorm CAMPBELL Morrison, B.Se. 
(St. Andrews). 

Norman Morrow, B.Sc. (Belfast). 

ArtTauR Morton, B.Sc. (Manchester). 

Vincent Lestizs MuLitownry, B.Sc. 
(Belfast). ‘ 

Dennis CHARLES MUSGRAVE. 

Errk Nevustrern, B.Sc. (Edin.), Stud. 

vite I genteel NEVE. 

otp Newton, M. Liverpool 

Stud. LC.E. me “ 

Prrrr Harotp Newron. 

Norman Joun Nicuotts, B.Sc. (Bing) 
(Lond.). 

Gzorrrey CLumpnt Howard Osorwn, 
B.Sc. (Birmingham). i 

Huser Ovens. ae 

Cartes Barry Pacur. 


ea has. Se 
eee et se 


ELECTIONS 


_ DEREK RICHARD FAREOON, B.Se.Tech. 


(Manchester), Stud, 1.0 


-Martin GroRGE PATERSON, B.Sc. 
(Bristol), Stud, I.C.E. 
Epmonpd Joun Parrurson, B.Eng, 


(Liverpool). 


_ Epwarp Ciarence Pay, Stud. I.C.B. 


_ Crom Witi14Mm James Pearson, Stud. 


: 


L.C.E. 
_ Grorcr HERBERT PARKER PEARSON. 


_ Giovanni Fortunato Prsent, B.Sc. 
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Paper No. 5834 
** A Laboratory Investigation of Some Bridge-Deck 
Systems ”’ * + 


by 
Frederick George Thomas, Ph.D., B.Sc., M.I.C.E., and 
Andrew Short, M.Se. 


SYNOPSIS 


_ Tue Paper describes an investigation, undertaken at the request of the 
_ Ministry of Transport, of the behaviour of some bridge-deck systems of 
_ steel-and-concrete construction when subjected to concentrated loading. 
_ The theoretical analysis is only briefly described but the main results of 
_ the experimental work, involving the testing of four model bridge decks in 
_ the laboratory, are presented and discussed. 


The present methods of design for such bridges are considered and | 


| possible modifications put forward. Alternative design methods are 
_ suggested. 


INTRODUCTION 


In a composite structure, the aim of the designer is to combine different 


materials so that they interact efficiently, whereby the stiffness and strength 


_of the structure are considerably greater than would be possible if the 


materials were arranged to act independently. Often, the choice of 
materials and their relative disposition are based on the mutual correction 


_of the structural deficiencies of the separate materials ; reinforced concrete 


is the most familiar form of such construction in modern times. 
In present-day engineering design, the term “‘ composite construction ” 


_is particularly adopted for systems in which rigid load-bearing steel beams 
or stanchions are embedded in, or otherwise attached to, concrete. In 
buildings, a form of this construction is the filler-joist floor ; in the design 


of such a floor, the engineer may calculate the strength on the basis of full 


structural interaction between steel and concrete, or he may base his compu- 


tations on the carrying capacity of the beams alone, introducing an increase 


‘in stress to allow in some measure for the strengthening effect of the 
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concrete. In multi-storeyed buildings of steel-frame construction, it is 
common to encase the frames in concrete to give greater resistance to fire. 
In the past, the effect of this concrete in stiffening and strengthening the 
steelwork has been largely disregarded, but in recent Codes of Practice 
some allowance for the effect has been introduced, leading to more 
economical design. CPA: 

In bridges, too, composite structural forms have been used in the past, 
without taking account of composite action in design, or merely regarding 
it as an additional reserve of strength. Cast-iron girder bridges, for 
example, have been shown to have a stiffness and strength vastly exceeding 
the estimates of their designers, when the bridges were tested some 70 
years after erection. Steel-and-concrete bridges have become increasingly 
popular in the last 20 years, particularly for short spans. In this latter 
connexion, it is interesting to note that of the 3,600 bridges (of all types) 
built, reconstructed, or widened in Great Britain in the 6 years preceding 
the last war, 84 per cent were less than 50 feet in span, 11 per cent had 
spans between 50 and 100 feet, and only 5 per cent had spans longer than 
100 feet.1 

A considerable amount of research has been made abroad on various 
aspects of composite construction, both experimentally and analytically. 
Work at Illinois University * has dealt with the slab-and-girder type of 
bridge deck, for both square and skew spans, simply supported and 
continuous. Investigation of the different types of shear connectors, for 
developing structural interaction between the steel beams and the concrete, 
has been made at Illinois, at the Federal Institute for Testing Materials 
at Zurich, and, more recently, at Stuttgart.3 

This Paper describes work at the Building Research Station, undertaken 
at the request of the Ministry of Transport, on the behaviour of different 
types of composite bridge-deck slabs, when subjected to concentrated — 
loads, both for working conditions and also at failure, Alternative pro- 
posals for the application of the results to practical design are tentatively 
made, in the hope that the reactions of practising engineers to these 


proposals may enable the future research programme to be directed into — 
the most useful paths, | 


Types or Compostrz BripgE-Drck Systems [ 
Cast-Iron Girder Bridges be 
There are about 4,000 cast-iron girder bridges in the British Isles. In 
these bridges, the girders, spaced up to 7 feet apart, were originally assumed 
to support the whole dead and live load, without any allowance for the 
strengthening due to composite action between the girders, the brick 
jack-arches spanning between them, and the top fill, Itis, in fact, probable . 
that such composite action was of little significance immediately after the 


* The references are given on p. 172. 
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- construction of a bridge ; but in the course of time the compaction of the 
fill led to the development of a composite section in which the cast iron 
_ provides the tension zone, and the brick arches, combined with the fill, 
~ act generally in compression. 
Z About one-half of the total number of such bridges were originally 
_ classified as unfit to carry loads exceeding 12 tons. Tests made by the 
_ Building Research Station in co-operation with the Ministry of Transport 
_ resulted, however, in the acceptance of a more accurate assessment of the 
_ strength of cast-iron girder bridges. It was concluded from these tests 
_ that the live-load stresses should be estimated on the basis that composite 
action effectively increases the section modulus of the girders by a factor — 
_ D/d, where D denotes the overall depth of the bridge section and d the 
depth of the girder. 
Since it is unlikely that cast-iron will be used in the construction of 
_ new bridges, the aim of the investigation was merely to provide a means of 
_ obtaining a fair estimate of the safe load-bearing capacity of existing 
bridges. For steel-concrete bridges, however, it is necessary to develop, 
_ for new bridges, a rational design method which is reasonably accurate. ° 
_ The method must not be unduly complicated but is unlikely to be capable 
_ of such extreme simplification as that adopted for checking the strength of 
_ existing cast-iron girder bridges. 


_ Composite Steel-Concrete Bridges 
The use of concrete and reinforced concrete in conjunction with steel 
girders in bridges, lends itself to the development of a variety of structural 
combinations. In the main, the variations appear in the degree of 
_ encasement of the girders in concrete, and in the method used to ensure 
adequate bond at the steel-concrete interface. 
_. The simplest form of composite steel-concrete construction is the 
- filler-joist slab, where steel girders are entirely encased in concrete. The 
distance between adjacent beams does not generally exceed 2 feet 6 inches 
and steel-mesh reinforcement is usually provided at the top and bottom 
of the slab. For reasonable economy, bridges of filler-joist construction 
do not often exceed 20 to 25 feet span; however, such bridges with spans 
_ of 35 feet and more have been built, where headroom limitations made this 
type of construction desirable. ; 
| Jack-arch construction is commonly used for spans up to 40 feet, but 
has been adopted, exceptionally, up to 65 feet. The distance between 
adjacent girders does not usually exceed about 5 feet. The bottom flanges 
- of the girders are often encased in concrete before erection, forming skew 
backs from which the concrete jack-arches spring. Tie-bars are normally 
7 provided in the edge panels and sometimes elsewhere, to help in resisting 
the horizontal thrust developed by the arches. In some bridges, tie-bars 
. are omitted, and the edge panels are specially strengthened to resist the 
thrust. The arches are often cast on a permanent shuttering supported 
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on the bottom flanges of the girders. In the jack-arch system the stresses 
in the concrete, both parallel to the span and transversely, are largely 
compressive and reinforcement is therefore unnecessary. 

If steel reinforcement is included in the slab, particularly at right angles 
to the girders, a part of the concrete at the springing of the arches may be 
omitted. The bridge then consists of a reinforced-concrete slab supported 
on encased girders, a structure similar to the conventional reinforced- — 
concrete slab-and-girder floor. If the girders are not encased in concrete, 
the system loses much of its composite character unless special shear 
connectors are used to tie the slab to the girders. 

In steel-concrete bridges of the type discussed above, the distance 
between the girders varies usually between one-third and one-seventh of 
the span, which rarely exceeds 70 feet. For-very large spans, secondary 
or tertiary beams are used to support the slab. 

The construction of these bridges is simple and does not require much 
skilled labour. The girders can be used to support the shuttering for the 
concrete and construction can proceed without serious interference with 
traffic beneath the bridge. 

A composite section of two different materials can be effectively formed 
only if the shear forces at the surfaces of contact, between the two 
elements, are transmitted without relative displacement. In filler-joist 
and jack-arch slabs, where the steel is fully encased, the bond between the 
girders and the concrete is sufficient for this purpose. In slab-and-girder 
bridges, however, the bond between the concrete and the top flange of the 
beam cannot be relied upon to maintain efficient shear transmission, and 
special anchorages must be incorporated to ensure composite action.3 


THEORETICAL INVESTIGATION 


The mathematical analysis of the stress distribution in bridge-deck 
systems of the type considered in this Paper offers considerable difficulty 
because of the complex mechanical properties of the materials and also 
because of the number of parameters that need to be taken into account. 
Two limiting systems have been chosen for theoretical investigation : first, 
an idealized slab-and-girder system and, second, an idealized filler-joist 
system. 


Slab-and-Girder System 

The behaviour of the slab-and-girder system has been studied for the 
following simplified conditions : 

(1) the materials are considered to be completely elastic ; 

(2) a number of equally spaced parallel girders at right angles to the 

abutments support a slab of uniform flexural rigidity ; 

(3) the slab and girders are simply supported at the abutments, that 

is to say, the deflexions and bending moments are zero ; 
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(4) the girders are of uniform stiffness throughout ; 
(5) the loading consists of a point load normal to the slab ; 
(6) the girders offer no torsional restraint ; 
“é (7) the girders and slab always maintain contact throughout the 
: length of the girders even when the slab tends to lift, but 
there is no transmission of shear between the two materials. 


The initial calculations were concerned with the bending moments at 
_ mid-span for point loads at various positions along the mid-span line. 
___ By giving the structure the above properties, the number of parameters 
__ is reduced to only two, besides the position of the load. They are (a) the 
_ ratio of girder stiffness to slab stiffness and (6) the spacing of the girders. 
_ For convenience, they are stated in non-dimensional terms as follows :— 


: : THI g 
Stiffness ratio, K = Dl (1) 
: ; ab’ 
Spacing coefficient, b = ea a mee (2) 
‘ where E, denotes Young’s modulus for the steel girder ; 
I, ,; the moment of inertia of the girder section ; 
D ,», the flexural rigidity of the slab, that is to say, 


pe 
12(1— 12) 
(} » the length of span ; 
E. ,, Young’s modulus for the concrete slab ; 
h », the thickness of the slab ; 
vis Poisson’s ratio for the material of the slab; and 
b’ denotes the spacing of the beams. 


By making all the calculations in terms of non-dimensional quantities, 
the bending moments are obtained in the form of coefficients which are 
then multiplied by the appropriate dimensional factors. 
| Even after all these simplifications, the amount of computation for all 
_ possible widths of bridge would be prohibitive and the resulting tables of 
results too unwieldy for practical use. To examine the effects of K and b on 
_the bending moments in the girders, it was decided to consider first a 
_ system in which there is an infinite number of girders so that the distribu- 
tion of bending moments is the same whatever girder is loaded. It was 
found that the maximum bending moment in the girders increased with 
both K and b. 
‘The effect of introducing a free edge into this system was then examined, 
the resulting arrangement being referred to as a semi-infinite system. 

An example of the results obtained are given in Table 1, for particular 
values of the parameters, K = 1-0 and b = 05. The girders are numbered 
GI (edge girder), G2, G3, etc., and the bending moment coefficients 
are tabulated for a point load applied over each girder, at mid-span, in 


> ‘ tad oe” : ae: ® ; } 
> F oz . a“ 
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turn. These coefficients can be converted into actual bending moments — 
at mid-span by the relationship : ; 


2Pl 
M=—"p ° . . . - . ° . (3) 


where P denotes the value of the point load. 

Thus, for a load over the edge girder, the bending moment resisted by _ 
that girder is 2 x 0°735Pl/m2 = 0-149Pl as compared with 0-25PI if the 
beam alone carried the load. 


TABLE 1.—COEFFICIENTS (= 1,000u) FOR CALCULATING THE BENDING _ 
MOMENTS IN THE GIRDERS OF A SEMI-INFINITE SYSTEM (WITH K = 1-0, — 
b= 055) 1 


Girder for Girder over which the load is placed at mid-span : 
which 
coefficient 
is given 


From Table 1 it will be seen that, when the load is placed over girder G6 
or any girder further from the free edge, the system aarti i an otra 
slab with an error of less than one per cent of the maximum value of p. 
A useful simplification of the results is thus possible by considering that the 
bending moment for any girder in a semi-infinite system, is the sum of the 
value corresponding to an infinite system together with a correction 
depending on the distance of the girder from the edge. The correction for 
the oon fale considered is shown in Table 2. } re 

or a bridge of finite width, the results for the -i ‘ system < 
often be used with sufficient acouracy by ithe Sti prenpebtersis 
A i a 


’ ; 4 
. i S * ae 
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TaBLE 2.—CORRECTIONS (= 1,000 4) To BE APPLIED TO THE BENDING 
_ MOMENT COEFFICIENTS (= 1,000 pz) CORRESPONDING TO AN INFINITE 
SYSTEM, TO ALLOW FOR THE EFFECT OF AN EDGH 


Girder over which the load is 
Girder for placed at mid-span : 


which the 
correction 
1s given Gl G2 G3 G4 G5 
(edge) 

Gl 320 93 11 =9 | —11 
G2 93 §2 18 0 —1 
G3 1l 18 13 7 1 
G4 —10 1 7 5 3 
G5 +12 0 0 3 2 
G6 +9 +2 1 +2 ] 
G7 —5 —1 oe (): 1 —l 
G8 —l1 —]l 0 0 0 
G9 1 0 —1 0 0 
G10 1 0 0 0 
Gll 1 0 0 
G12 =] 1 0 
G13 =1 0 


given in’ Table 2, to both edges. For example, for a system of six girders 
_ with the load over one of the middle girders, the computations are shown in 
“Table 3. The bending-moment coefficients are first set out for the middle 
eleven girders of an infinite system and successive corrections are then 


Taste 3.—AN EXAMPLE OF THE METHOD OF DERIVING THE BENDING- 
| MOMENT COEFFICIENTS (= 1,000 1.) FOR THE GIRDERS OF A FINITE SYSTEM 


Girder for which | 


coefficients are 
given 

ee ne rom 

Bending-momen 
coefficients for 
infinite slab (load 
over G6 at mid- 
span). 


Corrections for 
edge at G3. 
ECorrections for 
edge at G8. 


-Bending-momen 


coefficients for 
finite slab. 


Gl | G2} G3 | G4 | Gb | G6 | G7 
(edge) a i 


G8 | G9 | G10} G1l 


0 


0 
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“made for the edges of the finite system, formed at girders G3and G8. It 
is evident from the order of the corrections outside the range of the fini 
bridge that no error is involved in this simple transformation from th 
semi-infinite to the finite case, for the example considered. 


Filler-Joist System 
The analysis of the deformation of filler-joist slabs under the action 0 


theory were made and the problem was treated in terms of plane stress, 
_ This inevitably involves some distortion of the stress pattern particularly 
in the vicinity of the concentrated load where the transverse stress acting 
through the plate is nat negligible, but this can be allowed for in the 
analysis by using a larger area of application of the load than is actually 

the case. “Se 
The differential equation governing the deflexion w of such an aniso- 
tropic plate under a normal load g («,y) is :— 


ctw dw étw 
D,; xt + 2H Oax2Oy2 + Dyer = q(z,y) yg ee , ‘ (4) 


for which the equivalent elastic constants D,, Dy, and H may be readily 
evaluated in terms of the properties of the given filler-joist system. 
Equation (4) was solved for the case of a slab simply supported on two: 
opposite sides and free on the other two sides. Much of the numerical work 
was concerned with the maximum bending moment under the load; the 
effects of width-to-span ratio and the relative stiffness of the slab in the © 
directions parallel and perpendicular to the span were investigated. 
The simplification of the results for practical use over a wide range of 7 
practical conditions involves considerable difficulty but it seems from the — 
work so far completed that such simplification may be possible without — 
important loss of accuracy. It has been found that the bending moments 
are largely controlled by the values of two parameters : “4 


first, « where 


‘ 


es a(r, +2). J ie O 


‘and secondly, the width/span ratio.. 


q 


‘For the usual practical range of designs, other factors are relatively 
panies Pets * kai presentation of the results suitable for 
esigners should readily follow the completion of the lengthy computations 
based on the fundamental theory. Bl AES i 


Mover §.G.(s) (StaB-anD-GirDER System wiTH SHEAR CoNNECTORS). VIEW OF 
GIRDERS AND SHUTTERING 


Fig. 3 


'Mopet J.A. (Jack-ArcH SYSTEM) AFTER FAILURE UNDER A LOAD PLACED OVER A 
: GIRDER AT MID-SPAN 


iit, rai 


(avIg LSIOf-uAITA) ‘(A TACOW 
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; EXPERIMENTAL INVESTIGATION 
_ General 
_ Tests on full-scale bridges showed that the stresses and deformations 
due to normal traffic, or even to special test-vehicles, were too small to 
enable a satisfactory study to be made of the general stress distribution 
throughout the bridge. Moreover, comprehensive tests were impractical 
owing to limitations to the time for which a bridge could be occupied by a 
loading vehicle to the exclusion of other traffic. It was therefore necessary 
to make tests on model bridge slabs, large enough to give reasonable 
correspondence with the full-scale bridge yet sufficiently small for the tests 
_to be made in a laboratory under controlled conditions. From these 
considerations the linear scale adopted for the main tests was one-third 
except for the filler-joist slab for which the scale was one-half. For each 
type of bridge deck, a simplified typical cross-section of an actual bridge 
was prepared by the Ministry of Transport. _ 
The results of tests on four slabs are discussed in this Paper. These 
"were :— 
(1) Model 8.G. A slab-and-girder system, without shear-connectors. 
(2) Model $.G.(s). A slab-and-girder system, with shear-connectors. 
(3) Model J.A. A jack-arch system. 
(4) Model F.J. A filler-joist system. 


In addition to these slabs, smaller slabs were tested to investigate some 
secondary effects and the influence of different methods of construction. _ 
The main slabs tested are shown in Figs I to 4, and Table 4 gives the 
constructional data relating to each model slab, in conjunction with those 
for the original, full-size bridge. The properties of the materials used for 
the models were similar to those used in practice. The concrete was 
“prepared, placed, and cured at a constant temperature of 64° F. and a | 
relative humidity of 65 per cent. Details of the properties of the materials 
used are given in Table 5. For purposes of calculation, the modular ratio 
was assumed to be 6. > 
Dimensional aspects—According to dimensional theory, a true model, 
built of the same materials as the original structure and reduced linearly 
in all directions in the same ratio 1/n, will develop the same bending 
"stresses as in the full-scale structure if the magnitude of the load is reduced 
for the model by 1/n? for point loads and 1/n for line loads ; for distributed 
loads the same stresses result for all corresponding models if the intensity 
of loading (that is to say, load per unit area) is the same. 
For the equivalent load which satisfies this stress criterion, the deflexion 
‘of the model is 1/n times that of the original structure ; thus the configura- 
tion of the loaded model is a scale representation of the deformation of the 
full-size bridge. ; ET, 
Test arrangements.—The slabs were tested in two frames which served 
to transmit the loads (see Figs 3 and 4). Generally, the concentrated load 
9. . 
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_ was applied, by means of a hydraulic jack, through a 3-inch-diameter steel 
_ disk bedded on the concrete slab in plaster of Paris. The load was measured 
with a ring-type load-gauge. The slabs were freely supported on a span 
_ of 9 feet. 
The load was applied at mid-span or quarter-span, either immediately 
over a girder or on a concrete panel mid-way between girders. In the 
“ working-load ” tests, the applied load ranged from 13 ton to 3} tons 
depending on the position of the load and the type of slab tested. 
Measurements were made, during the tests, of the deflexions at mid- 
span, quarter-span, and supports ; for this purpose, dial-gauges reading to 
0-001 inch or 0-0001 inch were used. Strain measurements were made, 
with electrical resistance strain-gauges at mid-span and at quarter-span, 
on the top and bottom flanges of all girders, and also at various positions 
on the concrete slab or its reinforcement. At points where the strains were 
largest, Huggenberger tensometers were also used. 

The forces in the tie-bars of the jack-arch system were deduced from 
measurements of the strains in the bars. In the test of slab 8.G.(s), 
resistance strain-gauges were fixed to the shear-connector bars embedded 
in the concrete. 

In the first “ working-load ” tests, the application of the load produced 
no visible cracking of the concrete. In order to simulate the conditions 
that may arise in practice after a considerable period of service, the slab 
was systematically cracked by placing loads successively at various 
positions along the middle of each panel of the slab. The “ working-load ” 
tests were then repeated. Repetitions of the loading were also necessary 

_to study other alterations in the condition of the slab, for example, the 
_ removal of tie-bars in the jack-arch slab or of the transverse diaphragms in 
_ the slab-and-girder system. 
_ The slabs were subsequently tested to destruction, first by punching 
through a concrete panel and then by applying the load directly over a 
girder until bending failure occurred. 

- Testing programme.—The investigation was planned primarily to deter- 
mine the effect of various factors on the behaviour of the slabs, with 
particular reference to the following aspects :— 

(1) Composite action between the girders and the concrete. 

- (2) The lateral distribution of load amongst the girders. 

(3) The ultimate strength and mode of failure for loads at various 
positions. 

The influencing factors considered were : 

. (a) the type of deck slab ; 

(b) the presence of cracking ; 

 (c) the provision of shear-connectors in a slab-and-girder system; 
_ (d) the cross-beams in a slab-and-girder system and the tie-bars ina 
jack-arch system; sf 
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(e) the scale of the model; and 
(f) the degree of load concentration. 


The experimental work resulted in the accumulation of a considerable 
quantity of test data. These data could not be presented in their entirety 
within the confines of the present Paper. Moreover, it was felt that 
detailed exposition of experimental evidence would be of less interest to 
engineers than the methods used to obtain it and the possible application 
of the results to the solution of engineering problems, Only the salient 
features of the results are therefore collated here. The whole of the 
information will be included later in a number of Research Papers in 
the National Building Studies series. 7 


“ Working-Load ” Tests 
Within the range of loading corresponding to practical conditions, th 
models behaved elastically. Although the value of the applied load was 
varied somewhat for different tests, the strains and deflexions recorded in 
this section are presented in terms of the effect of a 10,000-lb. load, to allow 
easy comparison of the results. : 
Edge-girders and intermediate girders.—Theoretical consideration indi- 
cates that the maximum deformation and stress occur beneath the load 
when it is placed at mid-span at the free edge of the system, and the strains 
and deflexions measured in the tests confirmed this. The ratio of the 
maximum girder strains for loading over the edge girder and over a girder 
near the centre of the system, respectively, was about 1# for the slab-and- 
girder system (with or without shear connectors), 1} for the jack-arch slab, 
and 2} for the filler-joist slab (see Table 6). These results apply to the 
initial ‘‘ uncracked ’’ condition of the models, and similar ratios were found 
for the maximum deflexions, immediately under the position of loading. 
Not only was the maximum strain greatest for edge-loading but the 
sum of the strains at mid-span of each of the girders was also greatest when 
the load was over the edge girder. This result agrees with that deduced 
from the theory, that the ratio of the aggregate longitudinal bending 
moment borne by the girders to the applied bending moment increases as 
the position of loading approaches the edge. } 
The results for the filler-joist slab indicate that this slab was behaving 
similarly to an isotropic plate. In the remaining models, the maximum 
bending moments in the'various girders differed less, owing to the stiffening 
effect of the girders. It is evident that, if the girders are very stiff com- 
pared with the slab, the girder immediately under the load will resist most 
of the applied bending moment, at whatever position the load is placed 
relative to the free edge, the distributing function of the slab being small. 
The ratio of the maximum bending moments for loading over an edge 
girder and over a girder near the centre of the system, respectively, would 
therefore approach 1-0. With increasing slab stiffness the ratio would be 
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expected to increase until, in the isotropic slab without girders, the corres 
ponding ratio in terms of maximum bending moments per unit width 
reaches a value of 2°6. . 
Cracking of the slab reduces its efficiency in distributing the effects of © 
the loading to parts of the system remote from the point of application of — 
the load, and hence cracking resulted in a reduction of the ratio of maximum 
bending moments discussed above, by from 6 to 20 per cent for the various — 
models. : 
Effect of shear connectors.—The effect of shear connectors is indicated 
by a comparison of the behaviour of models §.G. and S.G.(s) (see Figs 10 
and 11, and Table 6). The maximum measured flange strains were the — 
same for both models before the commencement of cracking. Althoug 
the advantage of shear connectors was thus not apparent in the values of 
the flange strains, the effect on the stiffness of the models was marked, th 
provision of the connectors leading to a 50-per-cent reduction in maximum ~ 
deflexion. } 
The reason why the inclusion of shear connectors did not result in 
reduced girder stresses is that the girders were effectively stiffened by 
composite action with the conerete, so that the division of the total bending _ 
moment between the slab and the girders was altered. It appeared ftom 
the experimentally determined position of the neutral axis that there was — 
very little composite action in model 8.G. but there was full composite 
— action in model 8.G.(s). On this basis it was estimated from the measured 
strains that for loading on an intermediate girder before cracking of the 
slab, 55-60 per cent of the total applied bending moment was resisted by 
the beams in model §.G. whereas in model §.G.(s) this proportion was 
approximately 80 percent. The proportions obtained from the theoretical 
investigation were about 80 and 90 per cent, respectively, so that the theory 
gives an over-estimate of the girder stresses for the system where there is 
no composite action, but is satisfactory for the stiffer composite-girder 
system of model S.G.(s). 

Whereas the girder strains are dependent on the section modulus of the 
effective cross-section, the deflexions, on the other hand, depend on the 
moment of inertia. The latter was increased much more by composite 
action, owing to the provision of shear connectors, than the section modulus ; 
and the calculated deflexions for model §.G. were about one-half of those 
for model §.G.(s). This result agrees with that obtained experimentally 
and recorded above. 

After cracking, the advantage of the shear connectors was more obvious. 
The maximum stresses in model 8.G. were 20 to 30 per cent lower than 
for model §.G.(s), and the deflexion of the model with shear connectors 

_ was only about one-third of that of the other model. 

It is of interest to note from Table 6 that the maximum flange strains 
at the quarter-span section are less in model S.G.(s) than in model 8.G. even 
before cracking ; so that for combinations of loads, such as arise from 
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MODEL S.G.(s) 
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vehicular traffic, the total stresses may be appreciably less in bridges 
_ containing shear connectors. 
_ Comparison of the strains measured in the flanges of all the girders 
_ showed that the distribution amongst the girders of the aggregate bending 
-moment resisted by them was not greatly influenced by the introduction 
_of the shear connectors. For any load position, the proportion of bending 
moment at mid-span, resisted by the girder directly under the load differed 
_ by not more than 10 per cent for the two models. In general, the results 
“indicated a slight reduction of the effective distributing capacity of the 
slab with shear connectors, and confirmed the theoretical conclusions that 
_ a change in the relative stiffness of slab and girder exerts a greater influence 
on the division of the bending moment between the slab and the 
_ girders than on the distribution of the bending moments between the 
girders. 
It was deduced from the strain measurements that, before cracking, an 
intermediate girder directly beneath the load in model 8.G. resisted about 
_ one-third of the total applied bending moment, whereas in model 8.G.(s) 
_ the loaded girder resisted three-fifths of the total bending moment. After 
"cracking, the corresponding proportions were two-fifths and two-thirds 
_ respectively. 
With regard to the transverse bending of the concrete slab when the 
load was at the centre of a panel (see Figs 7), shear connectors reduced the 
- maximum strains in the concrete by 30 to 40 per cent before cracking, but 
_ only by about 15 per cent after the formation of cracks. As in the case of 
_ the general deflexion of the deck system, the provision of shear connectors 
_ had an important effect in reducing the deflexion of the slab relative to the 
_ girders. 
' It appears that there is scope for ingenuity on the part of the designer, 
in striking an advantageous balance between a number of interdependent 
- factors controlling the maximum stresses in the girders. A low ratio of 
girder stiffness to slab stiffness leads to a reduction of the proportion of the 
BP Pplied bending moment resisted by the girders ; composite action tends to 
_ increase the ratio, and hence the moment resisted by the girders, but also 
- increases the section modulus, thus tending to reduce the flange stresses. 
_ With regard to the stress distribution within the girder section, the strain 
_ measurements indicated, that in model 8.G. both flanges were about equally 
stressed. In model 8.G. (s), however, a large part of the concrete slab was 
forced to act as compression zones of the composite beams, and the neutral 
_ axis was in the region of the top flange of the girder. The top flange was 
therefore understressed and it seems that the conventional I-section is 
uneconomic in such circumstances; asymmetrical sections might well be 
used with advantage, with reinforced-concrete ae connecting the 
. web with the deck-slab. 
] Effect of cracking : slab-and-girder system. The eateaus cracking of 
the slabs Lom by the application of concentrated loads along the centres 
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of the panels was intended to simulate the effects of prolonged service and 
restrained shrinkage. 

In model §.G., cracking led to an increase in the maximum strains of 
40-45 per cent for loading over the intermediate girders, and 30 per cent 
for loading over the edge girders (see Figs 6 and Table 6). The maximum 
deflexions were increased by similar amounts (Figs 5). In model S.G.(s), 
however, cracking had comparatively little effect on either the maximum 
strains or the deflexions. 

Cracking of the concrete might be expected to produce a reduction in 
the stiffness of the concrete slab and also a diminution of the effective 
composite cross-section, leading in theory to changes both in the bending- 
moment distribution and in the magnitude of the stresses caused by any 
particular bending moment. The experimental results indicate that, in 
model 8.G., the combined effect of these changes was an increase in the 
relative stiffness of the girders and the slab (as expressed by the factor K 
in equation (1)). This increase caused an appreciable transfer of bending 
moment to the girders to take place after cracking and particularly to the 
girder immediately under the load. For this model, any changes in the 
composite cross-section were negligible, since the degree of composite 
action was small, even before cracking. 

In model §.G.(s), however, the stiffness of the slab, compared with that 
of the composite-girder section, was much lower than in model S.G., in the 
tests before cracking. The total applied bending moment was therefore 
- largely borne by the girders at this stage, and any further reduction of the 
stiffness of the slab, due to cracking, would not result in important changes 
in the division of the bending moment within the system. The effective 
composite cross-section, also, was only slightly affected by cracking, as 
shown by the position of the neutral axis. 

The effect of cracking on the distribution of bending moment amongst 
the girders was small, particularly for model 8.G.(s) (see Figs 8 and Table 7). 
The effect on both the strains and deflexions of the beams appeared to 
diminish with distance from the load. 

The transverse stresses in the reinforced-concrete slab were increased 
considerably as a result of cracking, particularly in the immediate vicinity 
of a load placed over a panel (see Figs 7). 

Effect of cracking: jack-arch system.—In the jack-arch model, the 
successive loading along the centre-lines of the panels resulted in the © 
development of cracks parallel to the beams, near the crown of the 
arches, instead of the radiating pattern developed in the slab-and-girder 
systems. Influence lines for the strains and deflexions of an edge girder 
and an intermediate girder are given in Figs 9 for the tests before and 
after cracking. From this diagram, it is seen that the maximum strains 
and deflexions were increased considerably as a result of cracking. 

From the strain measurements on the flanges of the girders, it was 
possible to estimate with reasonable accuracy the distribution of the 
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aggregate bending moment resisted by them (see Figs 10). Cracking did 
not affect the distribution considerably. 

For the estimation of the magnitude, as distinct from the distribution, 
of the aggregate bending moment resisted by the girders, the shape and 
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properties of the effective cross-section of the composite girders are Te- 
quired. In the slab-and-girder systems, the effective section could be 
readily determined, since the slab was of uniform thickness and—in the 
composite construction—was placed mainly within the compressive zone 
of the section; the width of slab acting effectively as the flange of the 
equivalent T-beam was simply related to the measured depth of the neutral — 
axis. For the jack-arch system, however, the thickness of the concrete — 


147 


OF SOME BRIDGE-DECK SYSTEMS 


NvVds 


(‘s[epour peyoeso “ ad - ales * seul] Ueyxo1q 
* S[poul poyovsoUN UT paiNsvowl UOTXeHEp puv UTeIyS o30U0p seuTT Tra) 


Nvds-dIq LV avoT sod “Wf THO NI SNOIXHMME GNV NIVELY YO SINIT TONTATANT 


CIN LV £5 ONV I'D SY3z0YID JO NOIx3149G NVdS-GIW LV SYzduID 4O JONV1S WOLLOS NI NIVYLS 


GVO1 “81 000'01 Y3d HONI ?NOIX3I1430 


QVO1 81 000'0! wad NIVYLS x,0/ 


THOMAS AND SHORT ON A LABORATORY INVESTIGATION 


148 


NVaS-CI{ LY ‘SUAGUIH NITMIAG LNAWOW ONIGNAG 40 NOILAaIUISIG— Vf TALON 


. 


5 + t t 'D * 6 8 ‘ o. § b £ t oD : 6 8 Es 2S ¥ £ z ‘zi 


€9 wIGVID JO 
NvdS‘OlIW Lv QvO1 


TD wI0UID JO 
NvdS-OIW Lv QVOT 


9 
1D WIaUID JO 
NY¥dS-OIW LY GVOT 


S¥30WID 3HL NO OSNIATIOAI 


J9pow poyresd ,, ‘ o oo " “ . —s 


AIN3NOW ONION3G 3LV93YOOV FHL JO 
(¥30¥ID HDV3 AB NIXVL) JOVINIDUAd 


jOpow payres2uUN U) pasNseow UyesIs Woy pauleigo > _ 


vores payx2eu2UN Joy ore;d ariUYyUI-iWas yo AsO9Y4) UO paseg UO!INGI4ISIP S9I0Uap TT 


OF SOME BRIDGE-DECK SYSTEMS 149 


is variable and part of it is in tension; the strain measurements are 
therefore not sufficient to determine the effective section unequivocally. It 
_ follows that the division of the applied bending moment between the slab 
and the girders, also, cannot be determined directly as was done for the 
slab-and-girder systems, 

. The extreme range of the possible section properties can be calculated, 
introducing the known position of the neutral axis, which was about 
4 inches below the top of the slab, both before and after cracking. For 
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the whole range, the possible variation in the theoretical proportion of the 
applied bending moment that would be supported by the composite girders 
was from 87 to 98 per cent; and reference to the form of the distribution 
of bending moment between the girders (Figs 10) indicated an equivalent 
stiffness ratio which corresponded with 90 per cent of the applied bending 
moment being carried by the girders. If this latter value is adopted as a 
reasonable basis, both before and after cracking, the measured strains in 
the girder flanges lead directly to an estimate of the actual effective section — 
modulus. J 
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The transverse strain at the crown of the concrete jack-arch in a loaded 
panel was more than doubled as a result of cracking. There were similar 
increases in the deflexion relative to the adjacent girders and in the 
force in the tie-bar in the loaded panel. } 

Effect of cracking : filler-joist slab.—Because of the greater proportion of — 
concrete in the filler-joist slab than in the other models, the effect of cracking 
was correspondingly more important. The maximum strain in the joists _ 
increased due to cracking, by about 45 and 60 per cent for loading over an 
edge joist and near the centre of the slab, respectively. The maximum 
deflexions were also increased in the same ratios. Whilst the actual © 
maximum deflexions and strains increased rapidly with decreasing distance 
of the load from an unsupported edge, the effect of cracking on them became 
smaller (see Figs 11). This was particularly noticeable at the edge beam, 
where the concrete made the smallest effective contribution to the compo- 

- site section. The influence lines in Figs 11 show that the effect of cracking 
was apparent at greater distances from the loading position than in the 
previous, less rigid, systems of composite construction. 

The behaviour of the filler-joist slab closely resembled that of an iso- 
tropic. plate. The bending-moment distributions derived from the 
measured strains in the joists are compared in Figs 12 with those computed 
from the elastic theory of the isotropic plate. The bending moments per 
unit width were calculated from this theory, adopting the spacing of the 
beams as the unit. With this method, the reduced width of concrete 
associated with the edge joist leads to a low value of the bending moment 
estimated as being resisted by this joist, so that, particularly for a load 
over the edge joist, the theoretical distribution is a little unsatisfactory. 
However, it is easy to devise suitable solutions to this difficulty. 

In Figs 12, for the distribution of bending moment due to loading at the 
centre of the system, the results obtained from the mathematical analysis 
of the anisotropic plate are also given. It will be seen that the distribution 
so obtained is little different from that calculated for an isotropic plate. 

The theoretical position of the neutral axis, calculated from the 
assumption that the entire concrete section is effective, is 4-6 inches below 
the top surface of the concrete. In the tests before cracking, the neutral 
axis was found from the strain data to be at about this depth, except that 
immediately under the load it was about } inch higher. On the basis of no 
tension being resisted by the concrete, the theoretical depth of the 
neutral axis would be about 2-7 inches; but, for the cracked slab, the 
measured depth was about 4-0 inches for the joist immediately beneath 
the load and 4-3 inches for the neighbouring joists. It is clear, therefore, 
that the concrete section was effective in tension over a considerable part 

‘of its depth, even after the systematic cracking of the slab. This con- | 
clusion was confirmed by considerations of the section modulus of the slab, 
computed from relationship (6) on p. 153, putting p, equal to unity. The . 
section moduli so found indicated that the depth of concrete in effective 
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interaction with the middle joists of the system was 8? inches before 
cracking and 7} inches after cracking. . 

Effect of position of load relative to the supports.—It was deduced from 
the strain measurements that changes in the load position relative to the 
supports had no appreciable effect on the division of the total bending 
moment between the girders and the slab. The distribution of the bending 
moment amongst the girders was affected, however, in two ways. First, 
the proportion of the bending moment, at the cross-section containing the 
loading position, that was resisted by the girder directly under the load, 
increased as the load approached a support ; and secondly, the proportion : 
of the bending moment at any particular cross-section, that was resisted 
by the girder under the load, increased as the loading position approached 
the particular cross-section. These effects were more pronounced for the 
stiffer slabs. For example, for the slab-and-girder system, the proportion 
of mid-span bending moment taken by the loaded girder, with the load at 
quarter-span, was about of the proportion when the load was at mid-span. 
For the jack-arch slab, the corresponding ratio was 8 and in the filler-joist — 
slab it was 4. 

An interesting feature of the lateral distribution of the effects of con- 
centrated loading is that the form of the variation of bending moment in a 
particular girder along its length changes with the distance from the load. 
In a slab-and-girder system, a concentrated load placed over a girder 
produces a distribution of bending moment in the girder similar to that for 
an isolated girder with a point load at mid-span; the distribution along 
neighbouring girders is, however, more nearly similar to that for an isolated 
girder with uniform loading along the whole length of the girder. 

Effect of cross-members, normal to girders.—In some of the working-load 
tests, the cross-members (transverse diaphragms or tie-bars) were removed, 
and the effect on the strains and deflexions was determined. 

In the slab-and-girder system, removal of the cross-beams caused an 
increase of from 5 to 15 per cent in the girder stresses and deflexions. 

With the load placed over a girder, the stresses in the flanges were 
uniform throughout the flange-width. With the load placed between the 
girders, however, there was a tendency for torsional stresses to be developed 
in the girders. This was more important in systems where there was rigid 
connexion between the slab and the girders, such as model 8.G.(s). 

When the cross-members were in place, the mid-span diaphragm 
introduced restraint to torsional deformation of the girders. The tensile 
strain in the lower flange of the girder was greatest at the edge adjacent to 
the loaded panel, at mid-span, but was least at this edge, at quarter-span. 
When the diaphragms were removed, the tensile stress at the edge adj acent 
to the loaded panel became smaller than at the opposite edge, throughout 
the length of the girder. * a 

For the jack-arch slab, the increase in maximum girder stresses, caused 
by removal of the tie-bars, did not usually exceed 5 per cent in the inter- 
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mediate girders ; in the edge girders, however, the increase was about 20 
per cent before cracking and 10 per cent after cracking. The proportionate 
increases in maximum deflexion were similar to those for stress. 

When the load was applied to the crown of a jack-arch, the tie-bars 
were more important. The total force in the tie-bars crossing the loaded 
jack-arch was about 3 per cent and 7 per cent of the applied load for mid- 
‘span loading on the uncracked slab and cracked slab, respectively. About 
three-quarters of this total force was borne by the tie-bar immediately 
below the load. The removal of the tie-bars caused an increase of 50-60 
per cent in the strain in the concrete directly under the load with a 
corresponding increase in deflexion of the loaded arch. 


General Discussion of ““ Working-Load”’ Tests 

The design of a composite bridge-deck system can apparently be based 
on the consideration of an equivalent system in which a slab rests on 
girders without composite action. In this equivalent system, the slab is 
assumed to be the same as in the actual system, but each girder is replaced 
by a composite girder comprising the actual girder and some part of the 
concrete slab. With this equivalent system, there appear to be three 
main factors to be taken into account :— 


(1) The allocation of the longitudinal bending moment between the 
reinforced-concrete slab and the girders. 

(2) The distribution amongst the girders, of the bending moment 
supported by them. 

(3) The effective section modulus of the girders. 


The first factor is of greatest importance when there is little composite 
action between the girders and the concrete slab in the actual bridge ; 
where such composite action is considerable this factor could often be 
neglected altogether. 

Guidance on each of the factors can be obtained from the theoretical 
and experimental investigations briefly described in this Paper. For the 
slab-and-girder system, the theory made no allowance for the third factor 
and is therefore not strictly applicable to composite girder sections. Never- 
theless, the experimental results indicated that the theory may be applied 
without excessive error to structures where this factor is of importance, by 
introducing into the computations an effective girder stiffness corresponding 
to a composite section comprising the girder and part of the concrete slab 
or encasement. 

If Z denote the effective section modulus of one composite girder (in 
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where Mipiai denotes the total applied bending moment (= Pl/4 for a load 
at mid-span). 

The bending moment resisted by the girders is distributed between 
them so that the proportion carried by any individual girder, of effective 
section modulus Z; and maximum strain ¢;, is : 


Zi 
n= A PRIA EE I BEE 

The bending moment M; resisted by this composite girder is thus : 
M; = E,eZ; = PiPmM totai . OSE? 2 on ew (8) 


The effective section modulus may be obtained from the experimentally- 
determined position of the neutral axis. This presents little difficulty in 
the case of slab-and-girder systems with no beam encasement. In com- 
plicated shapes of section such as that in the jack-arch system, however, 
some error may be involved because the position of the neutral axis may 
be the same for a range of possible composite sections. However, for the 
experiments discussed here, such errors were within reasonable limits. 

The theoretical proportion of the longitudinal bending moment 
supported by the girder is shown in Fig. 13, for a range of values for the 
stiffness ratio K (equation (1)) and for different values of the girder spacing _ 
coefficient b (equation (2)). The allocation of bending moment between 
slab and girders was theoretically dependent mainly on the stiffness ratio, 
the effect of varying the girder spacing or the position of the load relative 
to the supports being relatively unimportant. On the same diagram, the 
results obtained from the measured strains in the girders, using equation 
(6), are also shown for the slab-and-girder models. 

It will be noted from Fig. 13 that the aggregate bending moment taken 

' by the girders, as indicated by the experimental results, is generally lower 
than that obtained by the theory, and this divergence is particularly marked 
where the stiffness ratio is relatively small. The experiments confirmed 
that the proportion pm (equation (6)) is not materially affected by the 
position of the load relative to the supports. As the load approaches a 
free edge, however, the proportion increases ; and the experimental results 
were in closer agreement with the theory for this case. It will be seen also 
from Fig. 13 that, for loading over an intermediate girder, cracking of the 
concrete tended to bring the actual bending moment distribution nearer 
to the theoretical values. . 

For the jack-arch slab, it appeared from the test results that the theory 
for the slab-and-girder system could be reasonably applied in the deter- 
mination of the girder stresses, if the equivalent effective section for the 
composite girder were known. ‘This effective section can only be established 
by tests, and on the basis of the data obtained in the present investigation 
a safe rule for estimating the effective section has been deduced. From 
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the experiments it was found that it was reasonable to suppose that the 
ratio Pm was 0-90. 
With regard to the lateral distribution of the bending moment amongst 
_ the girders, the proportion p; (equation (7)) of the aggregate bending 
_ moment at mid-span, taken by each girder, is illustrated in Figs 8 and 10, 
_ both for theory and experiment. The comparison shows a fairly good 
_ agreement between the theoretical and experimental values. 
If it be assumed that the deflexion at mid-span of each girder is propor- 
- tional to the bending moment resisted by the girder, the distribution of 


meee 
Envelope of results for 
Model S.G.(s), cracked 


Envelope of results for 
Model S.G.(s),uncracked. 


Envelope of results for 
Model S.G., cracked 


~ girder spacing 
girder span 


Spacing ratio: 6 = 


32m, 


Stiffness ratio’ K = 7. (for v = 0) 


Envelope of results for /,= Moment of inertia of 
Model S.G., uncracked effective girder section 


s 
m =>" = modular ratio 
£, 


PERCENTAGE OF TOTAL BENDING MOMENT,TAKEN BY GIRDERS 


I = girder span 


h = slab thickness 


0 ( tm 3 4 


_ DIVISION, BETWEEN THE SLaB AND THE GIRDERS, OF THR BENDING MOMENT CAUSED 
BY A LOAD PLACED AT AN INTERMEDIATE GIRDER, IN SLAB-AND-GIRDER SYSTEMS 


_ bending moments may be deduced from the deflected shape of the system. 
In Table 7, the proportion of bending moment resisted by the girder 
directly under the load is given for the various models on the basis of 
~ equation (7) and also as deduced from the deflexions. It will be seen that 
the assumption of the simple linear relationship between deflexion and 
bending moment leads to an under-estimate of the bending-moment 
- concentration. 

_ The experiments showed that there was a reduction in bending-moment 
concentration with increasing distance from the position of the load-(see 
page 152). This effect is of importance when considering the stresses 
caused by combinations of several loads, but introduces an additional 
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Fig. 15 


Monet 8.G.(p) (SuaB-AND-GIRDER SYSTEM, WITH PRE-CAST PRE-STRESSED SLABS). 
UNDER-SIDE OF SLAB AFTER PUNCHING FAILURES 


Fig. 16 
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Mopet S.G.(s) (SLAB-AND-GrrDER SystEM, witH SHEAR Connectors); SHEAR 
FamLurB at THE END or THE LOADED GIRDER 
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complication if allowance is made for it in design. The use of “ effective- 
width ”’ diagrams, described later in the Paper in the section dealing with 
design methods, seems to be a simple way of dealing with the matter. 

The results for the filler-joist slab suggest that it may be possible to 
use the elastic theory of the isotropic plate as a basis for estimating 
the stresses in the joists. 


Tests to Failure 
Two types of local destruction test were adopted for each model :— 


(1) A “ punching ” test, in which the load was applied to a slab 
panel between the girders. 

(2) A “ bending ” test, in which the load was placed directly over one 
of the girders. 


The main results are given in Table 8. 

“ Punching” tests Examples of punching failures are illustrated in 
Figs 14 and 15. 

The deformation usually increased in proportion to the load although 
the cracking increased appreciably. At failure, the stresses in the girders 
were well below the yield-point stress, except in the test on the filler-joist 
slab. 

In the slab-and-girder models, the strain measurements indicated that, 
when shear connectors were not provided, yield of the slab reinforcement, 
transverse to the girders, occurred at a load of about 7 tons; with shear 
connectors, this reinforcement did not yield until a higher load was reached 
and the ultimate strength of the slab was increased. Removal of the 
transverse diaphragms had no effect on the deformations but appeared to 
reduce the punching strength a little. Failure occurred suddenly, as a 
result of the severance of a truncated cone of concrete from the surrounding 
slab ; the angle enclosed between the sides of the cone and its base varied, 
in a particular test, from 20 degrees to 40 degrees, with an average value 
for each cone of about 25 degrees. Fig. 14 shows the type of punching 
failure in the model without shear connectors (this Figure shows punching 
resulting from a load over a girder, but the form of slab failure is the 
same as for a load applied to a panel). 

It has been suggested ® that a useful measure of the resistance to 
punching failure is the equivalent shear stress computed on the basis that 
the total shearing force is supported along the surface of a cylinder, the 
diameter of which is the mean diameter of the cone. For the tests described 
the equivalent shear stress at failure was about 700 to 800 1b. per square 
inch. The average diagonal-tension stress was 100 to 130 Ib. per square 
inch at failure. 

_ In one of the subsidiary tests, the slab was pre-stressed and it-is 
interesting to note that in this test the base angle of the cone of rupture 
‘was between 17 degrees and 22 degrees ; that is to say, the load was more 
7 
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_ widely dispersed than for the ordinary reinforced-concrete slab. A view 
_ of the system tested is givenin Fig. 15. The girders were of T-section and 
_ the pre-cast concrete slab units were held in position by pre-stressing, so 
- that the transmission of force between the webs of the girders and the 
slabs could be effected by friction along the surfaces of contact between 
_ them. Pre-stressing parallel to the girders was also introduced so that 
_ the structure behaved in the same way as a monolithic slab acting 
_ compositely with the girders. 
_ Inthe punching tests on the main slab-and-girder models, the successive 
perforation of the slab resulted in a reduction in the resistance to punching 
_ of the concrete in neighbouring panels so that the failing load gradually 
_ dropped to about 3 to 4 tons. No such effect was observed in the tests 
_ on the pre-stressed slab, for which the resistance to punching appeared to 
be unaffected by previous punching failures. 
5 Tests of the jack-arch system, with and without the tie-bars, showed 
_ that the tie-bars reduced the deflexion of the loaded panel, without affecting 
_ the girder stresses, and also increased the punching strength of the arch. 
_ Failure was again due to the severance of a cone, the base of which was 
_ elongated in the direction parallel to the girders. 
: In the filler-joist slab, the joists were so closely spaced in relation to the 
_ depth of the slab that punching shear did not develop as the primary cause 
_ of failure, even with the loads applied mid-way between two joists. 

“ Bending ” tests—With a load placed directly over a girder, primary 
failure of all models was caused by yielding of the girders. In the slab- 
_ and-girder models, the yield stress in the girders was reached at a load of 

17 tons. Where no shear connectors were provided (model S.G.) there was 
__ little increase in load before the deformation of the girder allowed a punch- 
_ ing failure to develop in the slab above (see Fig. 14). In model 8.G.(s), 
_ however, the composite action between girder and slab, due to the presence 
of shear connectors, prevented such a failure from occurring separately in 
the slab, and the load was increased to 32 tons before the loaded composite 
girder started to separate from the rest of the system. This separation is 
indicated by the cracking at the end of the girder shown in Fig. 16. With 
a small increase in load, there was considerable deflexion of the girder 
relative to the rest of the system and the soffit of the slab was forced off, 
starting at mid-span. 
The failure of the jack-arch slab was similar to that of model 8.G.(s). 
Primary failure, due to yielding of the loaded girder, occurred at a load of 
approximately 18 tons. Subsequent longitudinal cracking at the crowns 
of the two adjoining arches (see 1g. 3) led to virtual separation of the 
- composite girder from the rest of the structure at a load of 224 tons, and 
_ the load then dropped to 13 tons. 
In a test with the tie-bars removed, the maximum load reached ..was 
reduced to 18 tons but the character of the failure was unaltered. 
In the tests of the filler-joist slab, yielding of the joists near the load 
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position occurred at 44 tons. Ata load of about 50 tons, the loaded joist 
in conjunction with the two adjoining concrete panels was severed from the 
remainder of the slab; the load-carrying capacity of the separated com- — 
posite girder was approximately 25 tons. The form of failure and the — 
maximum load were not influenced appreciably by placing the load over a — 
panel instead of over a joist. ; 

The results of measurements of girder strains and deflexions during the — 
bending ” tests are given in Figs 17. 


modifications to present-day methods or the possible use of new methods 
are merely tentative. Further investigation is necessary before a rational 
design method can be developed, in collaboration with the Ministry of 
Transport. The views of practising engineers on the following remarks 
will, however, be of value in indicating the most useful line of approach in _ 
this further investigation. ; 


DrsigN MetHopDS ( 
In discussing methods of design, it is emphasised that any suggested 


Present Methods and their Possible Modification — 
At present, design of steel-concrete bridges is based on the usual flexural 
theory for individual girders, into which the bridge-deck is dissected and 
then assumed to be loaded in the most unfavourable manner. The loading 
adopted may be the standard load-train or the equivalent distributed load 
developed by the Ministry of Transport ; occasionally, the new standard 
heavy vehicle, with a 90-ton bogey, may also need to be considered.§ 

It is commonly assumed that the concrete takes no part in resisting the 
longitudinal bending moment ; that is to say, composite action is ignored, — 
the role of the concrete being merely to transmit the load to adjacent 
beams. In filler-joist and jack-arch slabs, however, some allowance for 
this action is made by increasing the permissible stress in the girders. 

A second assumption concerns the distribution of wheel loads between 
adjacent girders. Where the design is based on the equivalent distributed 
loading, it is presumed that some allowance has been made for lateral 
distribution in specifying this loading ; it seems improbable, however, that 
the allowance is wholly satisfactory for all the diverse types of bridge deck. 
Where the design is based on the standard load-train, the assumptions with 
regard to the dispersion of load through the thickness of the slab, and the 
lateral distribution of load amongst the girders, have not been standardized, 
but are likely to be safe—perhaps unnecessarily so. 

The present design method is simple, but it has the disadvantage that 
it is unsuitable for assessing the actual load-bearing capacity of a bridge, 
since the design rules are not based directly on the true behaviour of the 
composite system under load. Accurate assessment of the actual strength 
of an existing bridge may become important, since the ever-changing 


161 


wAduI) CAdvoT Jo Nvds-aIW! LV “HONVIG WOLLOG NI NIVELG GNV NOIXHIAIQ—aABNTIVT OL SUS, pNIGNaEG 


HONI NO!IX31430 90! * NIVULS 
9-0 5:0 +0 £:0 w-0 1-0 0-0 8§=—005'Z 000'% 00s") 000"! Qos 0 


sueq-a110u —--—-\— 
“YT 12PO 


mM 
=I 
iS 
= 
2 
= 
nm 
td 
3) 
a 
A 
es] 
o) 
A 
ei 
fax] 
ia) 
fe 
(a) 


9°5 ep 3 : 
> 9 
4 (suoa g] 28 aunjiey) 3 
4g Z | Seq-an ou “y'f japon & 
0€ 
(8) 5 § 19POW 
Ob 
(suoz Og ae aanyiey) “{-4 Japow 
: 0s 
4 one | 
AT shag 
wd baer, .\ 


Ne SU ee ee ee 


162 THOMAS AND SHORT ON A LABORATORY INVESTIGATION © 


pattern of traffic conditions may lead to large modifications in the natur 
and magnitude of the future loads to be withstood. It is therefore neces- 
sary to have a yardstick by which engineers can judge whether a bridge 
can sustain any new standard of loading with an adequate margin of 
safety. 

“4 is interesting to compare the experimentally determined stresse 
resulting from the standard load-train with those computed by the present 
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(a) 


Stresses obtained from strains measured during loading tests, 
after formation of cracks, for standard load train 


Stresses calculated from the theory of the semi-infinite slab. 
for standard load trains 


Hl Stresses calculated from simple bending theory, for equivalent 
| Ministry of Transport distributed loading, assuming no composite action 


Stresses calculated from simple bending theory, for equivalent 
Ministry of Transport distributed loading, assuming that the part 
of the concrete slab immediately above the top flange acts 
compositely with the girders 
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design method based on the Ministry of Transport equivalent distributed 
loading. Examples of this comparison for the slab-and-girder system 
(model 8.G.) are shown in Figs 18 (a) and (b), corresponding to two direc- 
tions of travel of the load-train relative to the girders. In Fig. 18 (a), itis 
assumed that the girders are the main girders of the bridge and the load 
train moves parallel to the girders ; in Fig. 18 (b), the girders are assumed 
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_ to be secondary girders of the bridge so that the load-train moves at 
4 Tight-angles to them. 

_ For the intermediate girders (that is to say, all girders other than the 
_ edge girders) it is seen from Figs 18 that substantially larger stresses are 
_ obtained by the usual computations than would actually occur in practice. 
_ If it were desired to retain the familiar method based on the equivalent- 
_ loading curve, either the section modulus of the girder might be assumed to 
" be effectively increased by composite action between the girders and part 
of the concrete slab, or, alternatively, the equivalent-loading curve might 
_ be modified to give better agreement with the experimental results, In 
_ the first case, illustrated in the Figures, it is possible to obtain a more 
accurate estimate of the stresses in the girders; but it is known that for 
_ the particular model chosen (model S.G.) the assumptions as to composite 
action were not, in fact, realized. It would be irrational, therefore, to 
adopt a modification to the section modulus, based on composite action, 
_ for correcting the design computations. 

__ The alternative procedure of changing the equivalent-loading curve is 
_ reasonable, but it is probable that the modification to be made is dependent 
_ on the type of bridge deck, since it is essentially a measure of the relative 
degrees of lateral distribution of load. From the theoretical and experi- 
mental investigations that have been made, it may be possible to develop 
a simple adjustment to the present design method whereby the stresses 
calculated, both for intermediate and for edge girders, are multiplied by a 
factor which would be obtainable from tables. Without further study, 
however, it is not known how simple these tables would be or how many 
_ factors besides the basic type of deck would need to be considered. 
It should be noted that any such modifications to the present method 
_ would not eliminate the disadvantage that it cannot be used for the 
_ accurate assessment of the ability of a bridge to resist a specified system of 
_ concentrated loads. The bridge engineer may well consider it necessary to 
use the concentrated load as a basis of design for abnormal loadings ; the 
introduction of the new heavy vehicle with its 90-ton bogey loads is a 
Bpointer in this direction. A consideration of some possible approaches for 
_a new design method may therefore be useful. Should any of these prove 
"of interest to designers, it will be possible to develop the method into a 
Eenitable form for practical use, although further research will be necessary 
er the method can be completely defined. . 


Design on the Basis of the Elastic Theory. 

_ The investigation of bridge-deck systems at the Building Research 
Station has shown that the elastic theory leads to a reasonable estimate of 
the maximum girder stresses if certain assumptions as to the effective 
“co1 posite girder are made. These assumptions are based on empirical 
data, so that the fundamental analysis must be accompanied by experi- 
nental work. ; ier coca ge 


a 
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The use of the elastic theory for design purposes involves the presenta- 
tion of the computations in either tabular or graphical form. Examples 
of tabular presentation are given, for the slab-and-girder system, in Tables 
1-8 for particular values of the parameters K and 6. For dealing with a 
wide range of values of these parameters, the estimation of the mid-span 
bending moments for mid-span loading appears to require: (1) a main 
Table giving the bending moment coefficients for an infinite system (as in 
the first row of Table 3), for perhaps three values of K and of b; and (2) 
series of correction Tables (similar to Table 2) for each combination of 
and 6 used in the main Table. From the computations already made, it 
appears that interpolation between the limited results tabulated would no 
introduce serious error. 

This set of Tables would need to be repeated for loading at oth 
positions relative to the support and for bending-moment distributions a 
sections other than that at which the load is applied. The minim 
number of such sets would probably be five, as follows :— 


(1) Load at mid-span, bending-moment distribution at mid-span. 

(2) Load at mid-span, bending-moment distribution at quarter- 

(3) Load at quarter-span, bending-moment distribution at quarter 
span. 

(4) Load at quarter-span, bending-moment distribution at mid-span. 

(5) Load at quarter-span, bending-moment distribution at 
quarter-span. 


The bending-moment coefficients can be shown graphically in many 
ways. An example is given in Figs 19 for a load at mid-span of the 
girder of a semi-infinite system. Each of these diagrams can be pict 
as a horizontal base on which is marked the co-ordinate grid for the : 
meters K and b, with two vertical walls supporting a curved roof, the heigh: 
of which at any point represents the bending moment coefficient M/Pl. 
It will be observed that the coefficient increases as K or b increases 
that, if high values are adopted for both parameters, the coefficient 
approaches 0-25, corresponding to an isolated girder with a load at mid- 
span, : 

To give as much information as the Tables referred to earlier, the 
number of diagrams of this kind would probably be prohibitive ; so that, 
although Figs 19 are useful for giving a pictorial representation of the 
effect of K and b on the bending moments, a simpler method of presentatio: 
would be necessary for design. Nomograms might well be the solution if 
graphical method is preferred to the use of tables. 

The design of filler-joist slabs subjected to concentrated loads may be 
made on the basis of the elastic theory of the anisotropic plate, by assumi 
that the bending moment to be resisted by one of the joists is that corres- 
ponding to the width of slab equal to the spacing of the joists. It may 
also be assumed that this width of slab acts in structural combination with 
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the joist. Apart from the effect of finite width of the system, only one 
parameter, ~, has to be considered ; so that design tables may not need 


wae 
ee. pan 


oe 


2. 
Sa GS NS “ Ww g®@ go 
STIFFNESS RATIO, K 


BENDING MOMENT RESISTED BY GIRDER G.1 


a a ED fe 


S 


& PF Sore 

STIFFNESS RATIO, K 

BENDING MOMENT RESISTED BY GIRDER G.2 
- Benpine Mo 


, 


to be so extensive as for the slab-and-girder system. Graphical design 
methods could be based on simple diagrams of the type shown in Figs 20. 
te ae 


It is possible that the theory of the isotropic plate may be sufficiently 
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Jack-arch slabs are structurally intermediate between the slab-and- 
girder system and the filler-joist system, and it may be reasonable to trea 
a jack-arch slab as an “ equivalent ” slab-and-girder or as an “ equivalent * 
filler-joist slab. The first alternative has so far received attention at the 
Building Research Station and in Fig. 21 an “ equivalent ” section i 
proposed which, when used with the theory for the slab-and-girder system, 


Figs 20 
| Intermediate composite girder 
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together with an “ equivalent ” depth of slab, has proved satisfactory for 
the models tested. 


Simplified Rules deduced from the Investigation 
It was shown, in the discussion of the working-load tests, that the total 
bending moment to which a slab-and-girder system is subjected may be 
first distributed between the slab and the supporting girders. The latter 
then each resist a proportion of the aggregate bending moment taken by 
them and the bending moment for which any girder must be designed can 
be established from these two relationships, 
The distribution of the longitudinal bending moment between the slab 
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and composite girders is determined mainly by their relative stifinesses. 
Instead of the stiffness ratio K used in the mathematical analysis (equation 


Aa ae 


is (1)) a simpler ratio K may be used for design, where :— 

a. 

os = lam 

= are 

A K mim °° Soe (9) 
ze in which m= E/E. ; 

4 I, denotes the moment of inertia of the composite-girder mormeny 


l », the span of the girders; and 
h 5, the depth of the concrete slab. 


PERCENTAGE OF TOTAL BENDING MOMENT,RESISTED BY THE GIRDERS 


STIFFNESS RATIO. 
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The proposed relationships are shown in Fig. 21 for loading on an edge 
girder, or loading on other girders. The curves were derived from the 
theoretical relationships, adjusted to take account of the test results. They — 
may be used for slab-and-girder systems, with or without shear connectors, 
or for jack-arch slabs, using the equivalent sections indicated in the figure. 
For the jack-arch systems, however, it is probably sufficiently accurate to— 
assume that the equivalent composite sections support 90 per cent of the 
applied bending moment. 

It does not appear necessary to design the concrete slab specifically for 
the longitudinal bending moment. If it is designed in the usual way to — 
transmit the bending moments normal to the girders, it will almost certainly : 
be adequate to carry the longitudinal bending moment it has to bear. 

The distribution of bending moment amongst the girders was found to” 
depend mainly on their spacing, and for practical design it is thought to be 
sufficient to introduce this spacing as the only parameter other than the~ 
position of the load or the section at which the distribution is required. 
The design can therefore be based on a series of diagrams similar to Figs 22. 
The series should presumably relate to the same five conditions set out on 
p. 42, but further simplification without excessive loss of economy may be 
possible. It would be necessary also to introduce modification for systems — 
with only a few girders. 

For the filler-joist slab, no simplification of the elastic theory, other 
than the use of tables or charts, is suggested. As already stated, it may be 
possible, as a result of further study, to adopt the theory of the isotropic 
plate as a basis of design rather than that for the anisotropic plate. 


The Use of an Empirically Determined “ Effective Width” 

The degree of lateral distribution afforded by a slab can be defined 
quantitatively by the adoption of an “ effective width ” of slab over which — 
the load may be assumed to be wholly supported. This method of allowing | 
for the effects of concentrated loading has been adopted, to a limited extent, — 
in a recent Code of Practice, CP 114.1, for Concrete Floors and Roofs. If 
Maz denote the maximum value for the bending moment per unit width 
at any section parallel to the supports and Myotq; denote the total applied 
bending moment at that section, due to a concentrated load, the worst 
conditions of bending would correspond to those which would occur in a 
slab of width € subjected to the same load distributed uniformly across 
this width, if : 

Mae 
ot Maas be 

In a composite bridge-deck system of the types discussed in this Paper, 
an effective width may similarly be used to define the extent of lateral 
distribution of bending moment amongst the girders, and a Paper on this 
subject was presented to the Public Works and Municipal Services Congress 
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in 1950.7 If the most highly stressed girder resists a proportion Pmaz of 
the aggregate bending moment borne by all the girders, then the effective 
width may be defined as :— 

Se ee 

Pmaz 
where b’ denotes the spacing of the girders. 
From equation (7), therefore, if ¢maz denote the strain, in the most highly 

stressed girder, at the section under consideration, and Ze is the sum of the | 
strains, at this section, in the flanges of all girders, then, assuming that the 
differences in the section moduli of the girders can be neglected, 


fey So eee 
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From this equation, the effective widths can be deduced from the 
experimental measurements and some results for the filler-joist slab are 
given in Fig. 23 for loads over joist number G8. The central curves of the 
diagram are separated by a distance equal to the effective width for the 
section containing the load position. For example, ¢, is the effective 
width for the mid-span section with a load at mid-span, ¢, is the effective 
width at the quarter-span section for a load at quarter-span,-and AB is 
the effective width for the section through AB for a load at P. It will 
be observed that the concentration of the effects of the load increases as a 
support is approached. 

For a particular position of loading, the effective width increases with 
distance, from the loading, of the section considered. Fig. 23 shows the 
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results for mid-span and quarter-span loading, the limits of the effective 
widths being indicated by the lines which start from the ends of the dimen- 
sion lines for ¢, and € respectively. For mid-span loading, it will be seen 


that for sections within a distance of about one-eighth of the span from the 
supports, the effective width is equal to the whole width of the slab; it 
may be deduced from equation (11) that, within this distance, the joists 
_ are all equally stressed. 


The rate at which the effects of load concentration become less with 


distance from the load (in the direction of the span) is defined by the angle 


6, or 9, for loading at mid-span and quarter-span respectively. If 0 is 


_ not greatly dependent on the position of the load relative to the supports, 
_ a simple design basis is possible. To find the effect of a load at P on the 


bending moment in joist G8 at position Q, for example, the line AB is 
first sketched and then lines from A and B are drawn at an angle 6 with 


_ the direction of the supports until the section through Q is reached. The 


intercept CD is the effective width at this section corresponding to the 


- load at P. 


Diagrams similar to that in Fig. 23 have been deduced from the experi- 
ments for other bridge-deck systems and some are given in the paper to 
which reference has already been made.” 

Fig. 23 can be used for determining the effect on joist G8 of several 
loads acting in line across the span, but does not immediately show the 
effects on other joists. The form of distribution of bending moment 


amongst the girders is probably related in a fairly simple manner to the 
- effective width; the greater this width is, relative to the total width of 


the system, the more uniformly is the bending moment distributed. It is 


possible, therefore, that a simple design procedure for any system of applied 
_ loads can be developed, and this possibility is now being studied. 


CoNncLUsIONS 
The results of the investigations described in this Paper indicate that :— 


(1) There is considerable advantage to be gained in bridge design 
by allowing for the true structural interaction between girders 
and concrete developed in modern steel-and-concrete bridge- 
deck systems. 

(2) A safe estimate of the strength of the bridge-deck systems con- 

. sidered can be obtained from the use of the elastic theory, if 
- suitable allowance is made for the stiffening of the girders by 
composite action. The experimental results suggest possible 
modifications to the theory to give closer correspondence with 

the actual behaviour of the systems. ZA 

(3) Several approaches to more rational design appear to be possible ; 

and if one of these is chosen a practical design method could 


be developed, although further experimental work would be 
desirable. : J 
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~ Discussion ; 
The Authors introduced the Paper with the aid of a series of lantern slides. 
Mr F. M. Puller said that he readily accepted all the statements made 
in the Paper, and he had made an endeavour to see to what extent the — 
present research might affect the design of bridges in so far as his own 
office was concerned. He felt that the Paper might be regarded as a first 
pe a very large step, in an investigation which would give very good 
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As the Authors had mentioned, there was no possible doubt that if 
_ engineers wanted to take advantage of this work, some relatively simple 
formulae must be adopted. He did not wish to criticize the staff that 
designed bridges—he was one of them himself; but unless there was 
obtained a formula that was accepted, not only by the designer, but 
possibly by those in the Ministry who checked the designs, he thought it 
would not be possible to get very far. 
He noticed that in the experiments all the girders had been of uniform 
_ cross-section and dealt with point loads. Table 1 showed that the edge 
girder took a very large part of the load, the second girder appreciably 
less, and after that the distribution was almost uniform. In practice, 
_ however, so far as the edge girder was concerned, it could be subjected to 
one wheel load, as could all the girders within 10 feet of the kerb; but 
further than 10 feet from the kerb there could be the effect of two wheel 
loads of passing vehicles fairly close together. From that he would 
assume that the edge girder would have to be stiff to cope with those 
_ coefficients ; the subsequent girders from 2 feet to 10 feet could be less 
_ strong, and then it was necessary to double-up in strength to deal with the 
effect of two wheel loads. But if that were done, there was a departure 
from the fundamental assumption of uniform girders; had the Authors 
investigated the effect of stiffening up the girders, particularly the edge 
girders ? . 
When dealing with bridges in cities, where one of the main problems 
was carrying pipes and mains and where there were footways on both 
sides of the carriageway, there was no such thing as an edge girder, because 
there were girders under the footways, sometimes of even heavier cross- 
_ section than roadway girders. Owing to the necessity of providing space 
_ for pipes, the lateral connexion between the footway girders and the road 

girders was not very stiff, but they would have quite an appreciable effect 
on those rather high factors for the edge girders. 

He noticed that, in their illustration of the jack-arch design, the Authors 
had shown tie-rods between every girder. It had been Mr Fuller’s practice 
for some years to have them only at the outer girders, and he noted from 

the Authors’ results that the omission of the inner tie-rods had no appre- 
ciable effect. 
"The results must necessarily bear on point-loads, but it was far simpler 
to work with distributed loads; and under the Ministry’s system, with 
distributed loads and a knife-edge, he thought that the standard loading 
itself had already made some allowance for lateral distribution by allowing 
the use of a knife-edge. He would be most reluctant to have to design all 
bridges on point-loads. There would be so many different cases to con- 
sider that he felt that the benefit of using these distribution factors would 
be more apparent than real, because a certain amount would have been 
taken into account in the knife-edge of the Ministry of Transport loading. 
He thought that the Authors, although not dealing with the design of a 
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composite beam on its own, had indicated that when dealing with a knif 
edge loading it might be possible to get more economy by investiga 
fully the effects of the composite nature of the beam rather than by con-_ 
centrating on the distribution effects from one girder to another. He 
believed it was suggested in the Paper that no account had been taken 
the composite nature of the beam in the past. But it had been done by 
permitting higher working stresses in the steel. That was presumably such — 
a rough-and-ready method that it might not appeal to the Authors ; but 
it was very simple to apply. ; 

The Authors had also indicated that the top flange of girders in the 
composite beams was under-stressed, and he wondered whether they had — 
considered carrying out experiments with bulb T’s or sections of that 
description—in other words, reverting to the shape of the old cast-iron” 
girders. Whether bulb T’s would be rolled in sufficiently deep sections to 
enable them to be used in practice, he could not say ; but he would be very 
much interested to see the effect of bulb T’s in comparison with joists from 
the experimental point of view. 

In conclusion, he hoped that his suggestion of a return to the same 
section of girder as the cast-iron girders used 100 years ago would not be — 
taken as an indication of the progress that had been made in bridge design ! _ 

Mr R. G. Braithwaite said that, during the past few years, in the 
course of Continental tours, he had encountered quite a number of bridges — 
of composite construction, and he gave one or two details to show how the 
Continental practising engineer conceived the idea of composite con- 
struction. 

It seemed to him that there was an excellent opportunity for one of the 
recipients of the Culman Travelling Fellowship to take a trip on the Con- 
tinent in years to come and see how those bridges had behaved under 
weathering and live-load conditions. | 

Mr Braithwaite referred to some of the latest bridges on the Continent, _ 
built in the remoter parts where materials were difficult to obtain, where 
technical services seemed to be prolific, and where labour seemed to be 
fairly cheap and the various trades could be mixed. In those cases, the 
engineers had made very full use of every technical detail to cut down the 
use of materials to the minimum. For that purpose they had made their 
main girders in steel; shear reinforcement being provided by simply 
welding bracketed cleats to the top chord, as shown in Figs 24. 

That was significant in view of the Authors’ remarks that the I-section 
was not the ideal section for that type of construction. Such a girder 
would be no more difficult to fabricate than the conventional type if weld- 
ing were used. The engineer then proceeded to cast a concrete deck across 
the girders 2 as shown in Figs 24. | 

iz. « gars and Bridges in ” ney 
sae _ aon et io Hangars and Bridges in Spain.’ Trans. Inst. Weld., 


2 D. Steitz, ‘‘ Strassenbrucken aus Stahl im Saarland.” (Steel Road-bridges in ; 
Saar). Bau-Anz. f.d, Saarland, 13/14 (July 1951). : aks 
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<f In Mr Braithwaite’s opinion, there was, with that sort of construction, 
re the possibility of certain accidents happening. For instance, a shear 
reinforcement in the angles consisted of a series of plates placed approxi- 
= 4 feet 6 inches apart. 

= 


In a previous Paper,! he had shown some details of shear connectors, 


Figs 24 


_ but on further reflection it occurred to him that a considerable amount of 
care must be exercised in the use of these. Several of the bridges which 
4 he had seen on the Continent had those shear connectors placed in the form 
_ of an angle, or just a piece of plate welded to the top flange, or in some 
_ cases a T-section shape. (See Figs 25.) 


Figs 25 
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___ They were spaced at distances ranging from 3 feet to 4 feet apart. 

___ Insimple girder construction it was not usual practice to use groups of 
rivets or lumps of weld to attach the flange to the top of the girder at long 
_ distances apart; they were spread out according to the shear load. Mr 


"4. B. G. Braithwaite and D. J. Davies, “Welded Highway Bridges.” J, Instn Civ. 
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Braithwaite thought that some form of shear reinforcement would have t 
be devised which did not transmit high local stresses beneath a point-l 
in the girder; that was to say, the shear should be distributed uniformly. 
He was reminded of a case in the construction of the autobahnen bridg 
in Germany about 15 years ago. There had been certain failures on thi 
then newly developed welded bridges that were being put up. Those 
bridges were in the form of long girders (probably 30 or 40 metres long—~ 
perhaps longer), built as long continuous girders, the top flanges being 
heavy steel sections of the old “‘ nose profile” type, butt-welded to the 
webs. 
They had been put together on site and built up into a long bridge off 
continuous girders. When put into service, it had been found that in some — 
girders a series of fatigue cracks occurred through the flanges, and a con 
siderable amount of investigation had been carried out at the time to find 
out why that had happened. Of course, the new technique of welding had 
naturally seen suspect, and all the limelight had been focused on the 


Fig. 26 


Assumed area of non-adhesion 


Expansion joint \ 


Crack in flange 


welding process ; but in the course of a discussion with German engineers, 
one of the observers had pointed out to Mr Braithwaite a certain peculiar 
feature in connexion with one of the bridges. The girders carried a con- 
crete road slab. The concrete deck was allowed to rest freely on top o 
the girder. With expansion joints at 15- to 20-metre intervals and no shear 
cleats being provided, he had assumed from the design at the time that the 
girder carried the full load and that the concrete deck was designed purely 
as a deck (Fig. 26). The observer had remarked that all the fatigue cracks 
throughout the length of the bridge had always occurred at }-metre or 
1-metre distance from the expansion joints in the road deck. 

That particular feature had not been investigated at the time, because 
the metallurgical examination of the steel had shown that the steel was 
notch-brittle and would have failed in any case when the cold weather came. 
Nobody had therefore investigated further the question of the peculiarity 
of the cracking taking place a certain distance away from the expansion 
joint. The observer had believed that, by some peculiar coincidence, there 
had been partial adhesion of the slab to the deck beams and, being a con- 
tinuous girder, there was a combination of reversals of stress, and at a 
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_ certain distance from the expansion joint in the concrete slab adhesion 
_ had occurred ; and there had started, as it were, a notch-effect between 
_ the deck and the beam (Fig. 26). 

- That seemed to Mr Braithwaite to be a very far-fetched argument, but 
_ it had caused him to think of the possibility of this occurring in composite 
_ construction. It might be that the Authors’ experiments showed that if 
_ there were shear cleats, and the concrete cracked, the bridge would still 
_ stand up; but in the course of time, if those joints were not watched, he 
_ thought that possibly there would be failure through fatigue. He there- 

fore suggested that when composite-construction designs were contem- 
~ plated particular attention should be given to the spacing of the shear 

- connexions. 

Mr C. §. Chettoe, commenting on the inception of the research which 

_ the Authors had described in the Paper, said that about 15 years ago, or 
_ tather more, as a result of legislation, the railways had undertaken an 

investigation into the strengths of bridges carrying roads over their 
_ systems, and they had found, using the best methods then available, that 
nearly 3,000 bridges on classified roads and bus routes were not strong 
- enough to carry 12-ton loads. That was, of course, a matter of great 

importance to the Ministry of Transport, and it had been felt that it was 
~ an appropriate time to ask the Building Research Station to undertake 
research into the strengths of existing bridges—first, cast-iron girders and 

_ jack-arch bridges or girders surrounded by concrete; and secondly, arch 

__ bridges. 

. In respect of the first, the rules had not provided for assistance given 
_ by the materials surrounding the girders—that is to say, composite action. 
- (He thought that a certain amount of off-loading was allowed for in the 
rules.) In respect of arches, there had been no means of taking into 
~ account the assistance derived from the spandrel filling and spandrel walls. 

The investigation had been started and carried on for some years, and, 
as a result, what was known as the «formula had been arrived at, which 
~ allowed substantial relief to live load in assessing the strength of cast-iron 

_ girder bridges with jack arches. | ; 

__ It was-a rough-and-ready rule, and it was appropriate only for assessing 

the strength of existing bridges where conditions and the materials sur- 

_ rounding the girders varied. It had been felt desirable, therefore, to start 

an investigation into the design of new bridges so that more accurate rules 

could be evolved, if possible, which would enable the structures to be 

_ designed more economically. The Building Research Station had been 

asked to undertake an investigation, and the present Paper was the first 

_ result. . 

‘He thought that at the present time the only rules which permitted any 

allowance for the materials surrounding the girders was the allowance of 

10 tons per square inch in B.S. 153—that was to say, if the girder was 
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effectively embedded in concrete, one could allow 10 tons per square inch 
instead of 9. (Mr Fuller had referred to another rule which must be fairly 
recent.) But the 10 tons per square inch did not help very much when it 
was a question of reducing the size of the top flange. 7 
The other question, of course, was the effect of off-loading. In Great 
Britain the equivalent-loading curve was the standard loading, and the 
effect of off-loading was perhaps less important with a uniform load over 
the carriageway, as Mr Fuller had suggested. It only became important, 
perhaps, when the main structure of the bridge extended on each side of 
the carriageway under footways or cycle tracks, or where the strength of 
the edge of the slab or deck had to be considered. But Mr Chettoe thought 
it was necessary to retain a uniform loading of that kind because it was 
very easy to deal with and facilitated design ; furthermore, there were s¢ 
many different types of loading on British highways (and it was necessary 
also to provide for possible new ones) that it was not practicable to design 
for point-loads for definite types of vehicles. $ 
There had recently been a very great increase in heavy indivisible loads, 
There was a new regulation which limited the size and weight of these to 
150 tons, and certain main highways in Great Britain were now being 


i 


designed to that loading. This had to be used as a check for bridges 
which still would be designed for the old standard loading. To apply that 

check it was necessary to allow for off-loading because it might be assumed 
that there would only be one of those loads on the highway at one time. _ 

He hoped that, as the research developed, it might be found possible to. 
evolve a simple method for covering composite action, by using, say, the 
equivalent moment of inertia of the composite member, allowing for crack- 
ing; and off-loading might be allowed by some such method as the 
effective width, or one of the other methods referred to in the Paper. | 

Mr J. E. Jones said that the Paper was likely to be of considerable 
assistance in making engineers think about what might be done to design 
more rationally and more economically for the future. 

The principles discussed in the Paper were not all entirely new te 
engineers, but it had taken a long step towards applying some quantita- 
tive measure to the guesses and speculations which many engineers had 
made as to what happened during the course of the loading of a bridge 
structure. 

. The line of development which the Paper suggested would, he thought, 
lead to economy in design. Of course, economy was being emphasized 
very much to-day, and various short-term expedients were being proposed. 
to further it. But it was also most important to think of economy in the 
long term. Britain was no longer wealthy and would have to husband its 
resources more carefully in the future. pees 

The Paper dealt with types of construction which were appropriate to. 
small-span bridges, and the Authors had quoted some figures which Mr 
Jones had given a few years ago showing the proportion of small-sps n 
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oe bridges i in Great Britain, It was quite clear that it was in that field of 
_ bridge engineering that the greatest bulk economy was likely to result, 
4 Figs 18 showed that the Ministry of Transport equivalent loading was, 
y on the whole, conservative, except perhaps for edge girders, in the type 
i, _ of structure which the Authors had chosen to illustrate the comparative 
_ effects. That equivalent loading did in fact take considerable account of 
distribution both in the evaluation of the distributed load itself and in the 
_ evaluation of the knife-edge loading, and it was probable that it did not go 
far enough, But certainly at the time it had been issued, in 1931, it had 
__ been quite a long step forward from what had been the practice. Mr Jones 
4 thought that the Paper showed that that step had been justified at the 
” time, and that in fact it would have been possible to go further. 
=. The Paper did not suggest new design methods, and Dr Thomas, in his 
- introductory remarks, had explained why he had asked for any sug- 
y gestions to that end; but whatever methods might be developed, they 
_ must be simple ones atlas in form and in application. It was useless to 
_ devise complicated methods of design for the sorts of structures discussed 
Cin the Paper. Whether the new design methods should take the form of 
no more than modifications of the existing prescribed design loads, or the 
2 adoption of an entirely new type of design load, he had not yet made up his 
i mind, except to say that, having worked with it for some years, he would 
be very reluctant to abandon the Ministry of Transport equivalent-loading 
curve. 

The Paper gave a good deal of help in dealing with the strength of 
existing bridges, and it would also help in deciding what could be done with 
existing bridges, short of complete reconstruction, to strengthen them. 

_As Mr Chettoe had said, there were lots of heavy loads about, and 
although Mr Chettoe had referred to a new regulation which was to limit 
‘the gross weight of those loads to 150 tons, it should be remembered that — 
there was provision for a waiver of that restriction, and in fact loads in 
excess of that amount could be permitted to travel. They had to deal 
today with loads up to 200 tons—not as a regular thing, but more fre- 
quently, perhaps, than one cared to contemplate. Therefore, the problem 
of heavily concentrated wheel and axle loads was likely to occur with 
increasing frequency. 

He wished to have a little dig at Mr Fuller, who had said that he noted 
with pleasure that the Authors’ statements on p. 153 of the Paper 

supported his idea that tie-bars in jack-arch bridges were not much good. 
‘ (That was the effect of the statement, although it had not been put in 
: those words.) He (Mr Jones) had always thought that they were, and 
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he felt he was not going too far in saying that the Paper supported him 
in his view, because of what was said on p. 153 regarding the value of tie- 
ppae when the loads were applied to the crowns of the jack arches, 
_ Mr Jones entirely agreed with Mr Braithwaite that the small steel plate 
or pees or T-cleat at fairly wide spacing was a Very poor shear connector 
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between slab and girder, and the Paper itself illustrated a very much better 
arrangement for the transmission of shear. ' 

Mr O. A. Kerensky said that he would respond to the Authors’ request 
for views on possible design methods. His firm had designed several 
bridges with combined action, and two of them were being built in Siam 
at the present time. Present design methods had little to recomme 
them except simplicity. The adoption of combined-action design was 
most desirable for the following reasons: (1) it conformed to the facts ; 
and (2), it resulted in considerable economy. For example, in the case of 
slab-and-beam construction using welded beams with unequal flanges, as 
much as 30 per cent of the steel in beams could be saved. 

He proposed to deal with the design of slab and beam decks only, 
because he had not had much experience of the other types of deck for 
bridges. 

The designer was faced with four problems to which it would be m 
desirable to get an answer:— =. 


(1) The distribution of load between the various beams supporting th 
slab, 

(2) The bending moments in the slab itself when it acted as a.dis- 
tributor in addition to its normal function. 

(3) The strength of combined beam and slab—that was to say, 
amount of slab that could be taken with the beam in assessi 
its strength. 

(4) The design of shear connectors to ensure combined action between 
beam and slab. 


Dealing first with the distribution of load to beams, in practice the 
problem of allocation of moment to each beam was greatly simplified by 
the type of loading usually adopted in Great Britain. The Mini of 


knife-edge, and there was no problem as to how much each beam carried 
since the whole deck was loaded and there was no distribution of whe al 


mulae could be evolved for that. 

As stated by the Authors, relative stiffness of slab and Gehis did not 
appear to affect this distribution materially. 

There remained only the case of a single load, such as the 
Transport special loading, and for that purpose Tables 1, 2, anit 3 atl 
Figs 22 seemed to provide the necessary information. To simplify the 
work further, he thought that, in most cases, maximum moments at mid- . 
span only would be quite sufficient to determine the size of the steel beams. 

With regard to bending moments and shear in slabs, he thought that 
some research was required in order to produce some simple rules for 
maximum moments in slabs in both directions. 
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When finding the equivalent inertia of a combined beam and slab, 
_ guiding tules were needed for the effective width of concrete slab to be 
ue _ taken into account and the modular ratio to be adopted. The effective 
a width in the case of longitudinal girders would, in most cases, be the spacing 
_ between the beams, but it was not necessarily so when the beams were 
vi Bspaced far apart. With regard to modular ratio, the Authors had used a 
value of 6 for calculating the strength of combined beams. The ratio 
_ used in ordinary concrete design was 12 to 15, and the Americans recom- 
~ mended 8 as a true ratio for obtaining deflexion, and 10 as a safe ratio for 
_ design purposes. He thought that some further guidance on that point 
~ was immediately necessary. 
: - The question of shear connectors had already been discussed at length. 
In order to ensure combined action, shear connectors must always be 


A 


Vn 
_ Specified. Guidance was needed for designing them. Although — 7 gave 


(mg * approximately a correct estimate of horizontal shear between slab and 
_ beam, the method of picking up this shear and transferring it to the flange 
2 of the beam was in doubt. Two requirements had to be fulfilled : (1) to 
- connect for horizontal shear ; and (2) to tie down vertically. Rigid con- 
“4 nectors, such as angles, ehaniels: etc., and flexible ones, such as reinforcing 
bars, hoops, and spirals were. used, but the design assumptions and allow- 
_ able stresses were difficult to arrive at, and further research and practical 
_ recommendations were needed. 
‘ The American Society of Civil Engineers had published a symposium 


= on Bridge Decks in the 1949 Transactions, which gave semi-empirical rules 
_ for the design of combined-action decks which agreed fairly well with the 
_ Authors’ experimental results, and he had found them quite convenient to 
use, although some adaptation was required for British loading. No doubt 
~ the Building Research Station could evolve improved methods applicable 
- to British Standard loads, and he appealed to the appropriate authorities 
~ to put that important work in hand as soon as possible, because the general 
. adoption of that method of design was long overdue. _ 

Or J. Hajnal-Konyi said that as a practising engineer—and also as a 
_ taxpayer—he was interested in the efficiency of the various types of bridges, 
and he thought that the data contained in the Paper were most valuable for 
f. the purpose of drawing certain conclusions. 

2 _ The values given in Table 8 for the load at yielding and the load at 
3 failure made it possible (after first disregarding the filler-joist type, which 
had to be considered separately) to compare directly the first three types. 
‘In the bending test, the load at yielding was 17 tons for the slab-and- 
girder type and 18 tons in the jack-arch type. The jack-arch without ties 
failed at 18 tons; with tie-bars the load could be increased to 225 tons. 
No doubt owing to a re-distribution of stresses, the girder directly under the 
load was relieved by the co-operation of the adjacent Salers ; so the load 


could be increased. 
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In the case of the slab-and-girder type, the load could only be increased 
from 17 tons to 20 tons, whereas with the shear connectors the load could” 
be doubled from 17 tons to 34 tons. i 

All those bridges, he supposed, had been designed on similar assump- 
tions, and so far as failure was concerned the results were totally different. 
He thought that the conclusion to be drawn from those figures was that 
neither the jack-arch, even with ties, nor the slab-and-girder bridge, with- 
out shear connectors, was an efficient system. In his opinion both those 
systems should be discouraged and even discarded in future design. Of the 
three types, it was obviously the slab-and-girder bridge with shear con-_ 
nectors which should be adopted. More research was necessary to find” 
out the most suitable form of shear connectors, but apparently the method 
used by the Building Research Station had been very successful. 

With regard to the filler-joist type, where the failure load was even 
higher than in the slab-and-girder bridge with shear connectors, he thought _ 
that the result would not have been substantially different if, instead of | 
using rolled steel joists, an ordinary solid slab had been used with an - 
appropriate reinforcement. One therefore came back to the solid slab in~ 
reinforced concrete, and he did not see what advantage could be obtained 
with the filler-joist type compared with the reinforced-concrete slab. “In : 
fact, he could see many disadvantages with the type as shown in Figs 1. : 
Apart from the question of steel consumption the main disadvantage was — 
that the concrete underneath the bottom flange of the joists could hardly 

_be properly consolidated on site; it was likely to be honeycombed, and 
there was a danger of corrosion. Then, if the steel was fully stressed, 
cracks would be likely to oceur, so that the danger of corrosion would be 
even greater, On the other hand, if the equivalent steel area was used and 
subdivided into small round bars, then the difficulty of compacting the © 
concrete did not arise ; and it was known that reinforced concrete behaved 
very satisfactorily. 

In view of the fact that steel was now very scarce, he felt that the filler- 
joist design as shown in the Paper should also be discarded and replaced by : 
an ordinary reinforced-concrete slab. As an alternative, the type of 
bridge used by British Railways, Eastern Region, and which had been 
mentioned at previous meetings, seemed to be a very satisfactory solution. 

Dr Hajnal-Kényi then commented on the following statement : 


“In a slab-and-girder system, a concentrated load placed over a 
girder produces a distribution of bending moment in the girder similar to — 
that for an isolated girder with a point-load at mid-span; the dis- 
tribution along neighbouring girders is, however, more nearly similar to 


that for an isolated girder with uniform loading along the whole length — 
of the girder.” ; 


That effect was illustrated in Figs 27, where an arbitrary distribution of 
the load on six girders had been assumed so that the girders transmitted 


J 


Figs 27 
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_ the total load to the abutments, since 2S; = 5 at each support and 


XP; =P. Nevertheless, the bending moment M; on each girder was less 


than 
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1 —a,1=f, etc., increased with increasing distance from P (the position 
of the load) owing to the distribution of the load by the slab in a longi- 
tudinal direction. 


He thought that that simple example might help to visualize the co-_ 
operation between girders and slab and explained the reason why the total 
bending moment M, on the girders at mid-span was bound to be less 


than e ‘ 
The Authors, in reply, observed that, as was stated in the Paper, they 
had not put forward firm design rules at the present stage, but merely a 
number of tentative suggestions with the sole purpose of finding out the © 
reactions of practising engineers to those suggestions, so that they would _ 
* know what direction they should follow in their researches. They were 
most anxious that whatever they did should be of service to practising 
engineers, and they did not want to spend years working out some very 
complicated mathematical computations only to find in the end that prac- 
tising engineers did not like such calculations and must have a very simple — 
formula. ; 

The Authors had deduced from the discussion that, although it was 
desirable to present the results of scientific investigation in a fairly simple _ 
form which could readily be applied by the practising engineer, some en- 
gineers had already been willing to make the more elaborate computations 
necessary to obtain the advantages arising from consideration of com- 
posite action. It might be that in the near future, using automatic, elec- 
tronic, and other computing machines, designers would ‘prefer such 
computations in order to study what really happened in structures, rather 
than work with the very simple rules of thumb which they had had to 
accept in the past. 

It was interesting that Mr Fuller had found justification in the Paper 
for his practice of omitting tie-bars except at the outer girders ; whereas 
Mr Jones thought that the Paper substantiated his view that tie-bars were 
of value throughout the system! The reason for the apparent contra- 
diction was that the experiments had shown that, at working loads, the 
effect of the tie-bars was small, but, as failure was approached the tie-bars 
were of value in permitting some redistribution of bending moments 
between the girders with a consequent increase in the ultimate strength of 
the system. The usefulness of cross-members generally seemed to be 
mainly limited to failing conditions in all types of slab. Under working 
loads the stiffness of the slab was often so much greater than that of the 
cross-members that the effect of the latter on the distribution of bending 
moments within the structure was not significant. =f 

When introducing the Paper, the Authors had mentioned that there © 
were two reasons for wanting to know more about the structural behaviour 
of bridge-deck systems ; first, for the design of new bridges, and secondly, 
for the assessment of the strength of existing bridges ; it was the second 
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_ feature which was likely to be the more important. It was stated in the 
E- Paper that the use of the Ministry of Transport uniformly-distributed- 
_ loading method of design should not be readily discarded, although the 
_ Suggestion was made that it should perhaps be modified. It might be that 
ae a series of standard uniformly-distributed-loading curves could be pro- 
_ duced. If the present curve was satisfactory for the slab-and-girder type 
without shear connectors, for example, it was unlikely to be wholly 
efficient when applied to a type with shear connectors. 

i The Authors felt, however, that when it was a matter of special loadings 
_ —as, for instance, the 150-ton loading which had been mentioned—the 
__ checking of a bridge type, which had been designed in the normal way, to 
"assess its ability to carry those heavier loadings, would depend upon the 
_ real behaviour of the system. More important still was the question of the 
_ future, which Mr Jones had mentioned. The bridges that were being built 
now should last for a long while. In about 50 years’ time, for example, 
__ there might be the possibility of 300-ton or 400-ton loads going over them. 
_ How would it be possible to assess whether the bridges were satisfactory @ 
4 The uniformly-distributed-loading curve would not help; it would only 
show that the bridge was satisfactory for the loadings that were now con- 
sidered as normal. The Authors thought it was necessary to formulate 
~ some rules of a rational nature for the assessment of the strength of bridges 
_ for special loadings, and they considered that the data in the Paper were 
useful for that purpose. 

Dr Hajnal-Konyi’s remarks, on the relative efficiencies of various types 
of bridge-deck systems, were interesting, but a consideration of such 
relative efficiencies had not been included in the limited investigation dis- 
cussed in the Paper, and might involve matters not mentioned by Dr 

Hajnal-Konyi. Many factors would have to be balanced before a par- 
ticular type of bridge deck was chosen, and the relative efficiency of struc- 
tural behaviour would sometimes have to be subservient to practical con- 
siderations related to site conditions, for example. The aim of the Paper 
_ had been to give data on the structural behaviour of certain systems, but 
the choice of systems involved much wider consideration. 

Mr Kerensky had been very helpful in putting forward the problems of 
the practising engineer. The information he had given and the questions 
he had raised merited careful consideration. With regard to the modular 
ratio to be used in design, the Authors, in computations based on the elastic 
theory and in their interpretation of the test results obtained within the 
elastic range, used m = 6. That value was obtained from actual measure- 
ments of the properties of the materials used. For design purposes, a value 
~ of 10 was probably reasonable. 
Mr Chettoe and Mr Jones had mentioned the possibility of strengthening 
. bridges. There again, the results obtained in terms of the effect of the slab 
in distributing laterally the effects of a concentrated wheel load might be of 
_ great importance, because they would help in the design of suitable mats 
re 
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to go over the top of existing bridges to increase the lateral distribution, — 
thus allowing heavier traffic to pass over. : 
The type of shear connector used in the tests was not suggested as a 
practical shear connector, but was devised as being likely to develop full 
composite action between the girders and the slab: Work had been done 7 
abroad on various types of shear connectors, but it appeared from the dis- 
cussion that further work was necessary. Mr Braithwaite and others had ~ 
rightly pointed out that when shear connectors were used it was desirable : 
to place them so as to conform to the distribution of shear, and that was 
not difficult. 
It appeared desirable to the Authors, before further research work was — 
undertaken on shear connectors, to obtain agreement between designers 
and steel makers on a practical range of the most suitable steel sections to — 
be rolled for the girders of composite bridge decks, and on the most advan- — 
tageous shear connectors to be used with those sections. For filler-joist — 
systems symmetrical I-sections were adequate. For jack-arch systems and — 
for slab-and-girder systems, however, asymmetrical L- or bulb-angle- 


: 

sections appeared to be preferable, with a heavy bottom flange taking the ~ 

Fig. 28 : 

Transverse pre-stressing Pre-cast concrete slabs 

Se SSS Ee ee, 

— Steel girders 

Cross-SECTION OF PRE-STRESSED COMPOSITE SLAB-AND-GiRDER BrinGE-DEOK, 
TESTED AT THE BurILpING RESEARCH STATION 1 


internal tensile forces and with rigid connexion to the top concrete slab, 
which would resist the internal compressive forces. 

One design developed and tried at the Building Research Station was 
mentioned in the Paper (see pp. 157—159 and Figs 15 and 28). This system 
consisted of inverted T-sections, with unreinforced-concrete slabs placed 
between the webs, at the top. The edges of the slabs were butting up 
against the webs of the adjoining beams and against each other ; they were 
held by friction created at the butting surfaces by pre-stressing the slab in 
both directions. It was found that the horizontal shear was well distributed 
along the web, that pre-stressing increased the resistance of the concrete 
slab against punching shear, and that full composite action was maintained 
in the section even immediately prior to failure. The system was also 
adequately rigid. The elimination of the top flange of the steel girders, 
of the welded shear connectors, and of the slab reinforcement could result 
in considerable saving of steel. ' 

References had been made in the discussion to the use of higher stresses 
to allow for composite action. That, of course, was one way of dealing 
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¢ with it, but it had little scientific backing, and there could not be a fully 
_ economic use over the whole range of combinations of concrete and steel. 


The question of the edge girder was one of some difficulty. The 
Authors had not so far introduced into their tests or into their analysis the 
effect of a stiffer edge girder. The effects had, however, been studied at 
Illinois University where much research work had been done on bridge- 
deck systems of the slab-and-girder type. 

Considering the applicability of the results of the investigation to 


actual full-sized structures, the Authors observed that the tests had been 


carried out under static loads whereas superimposed loads on bridges were 


dynamic. That difficulty was dealt with in design by including an allow- 
~ ance for impact in the superimposed design loads, but the magnitude of 
_ the allowance seemed questionable in view of recent investigations carried 


out by the Building Research Station. The task of assessing the loads to 


__ be assumed for the design of bridges was complicated by many more 


uncertainties, however, and an investigation of the wheel loads and the 


_ frequency of their occurrence seemed to be of importance, though difficult. 


Mr Braithwaite’s suggestion for a survey of the behaviour of composite 


; 4 bridges abroad was valuable. A comprehensive survey had already been 


made in some Scandinavian countries of the cracking and general ageing 


- characteristics of their larger reinforced-concrete bridges. It seemed that 


there was scope for a similar survey of existing composite steel-concrete 
bridges in Great Britain. It could be most usefully undertaken perhaps 


5 4 by County bridge engineers. 


It appeared from the discussion that no great disagreement existed 
today amongst engineers on the problems of composite construction. It 
was known that intelligent application of present experience and knowledge 
could lead to considerable economies of steel, labour, and money. There 
were, however, a number of factors involved in the development of com- 


_ posite methods of construction, and it seemed desirable to co-ordinate | 
them. Successful conferences had taken place recently abroad with that 


end in view and the time might have arrived to bring together those who 
were interested in composite methods of construction in Great Britain, also 


to clear the ground for a systematic approach to its design, construction, 
and manufacturing aspects. 
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The Notice convening the meeting was taken as read. The Chairman 
stated that, in accordance with the By-laws, any member present who had 
not already recorded his vote by post could vote in person at the meeting, — 
and that any member who might wish to do so could withdraw his recorded 
vote and vote in person. 

The thirteen Resolutions were taken separately and the results of the — 
postal vote showing large majorities in favour of each Resolution were 
announced, 

Discussion took place on Resolutions Nos 2 and 8. In connexion 
with the last-mentioned the Chairman stated that he wished to make it — 
very clear that it was not the Council’s intention to lower in any way the 
Standards required of the candidates for what had hitherto been called — 
Section C, but which would in future be known as the Professional Inter- 

view. It was intended that the procedure should be precisely on the same 
lines as in the past. The candidate would still have to produce his draw- 
ings, calculations, and quantities, and a report on the work he had done; he © 
would be interviewed and would have to write an essay on a subject chosen 
by the interviewer. In other words, although the name had been changed, 
the test would remain the same as it had been in the past. 

After the votes of those voting at the meeting had been taken into con- | 
sideration, the Chairman formally declared each Resolution carried. 
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a INTRODUCTION 

_ Purpose of Investigation 


: investigation was to give guidance on the aerodynamic aspects of the design 
of a proposed road suspension bridge over the River Severn,* and so to 
assist the Consulting Engineers ¢ in the development of a safe and 
economical design. The experiments were begun in 1946 and were con- 
~ cluded early in 1951 by tests which provided a final verification of the 
aerodynamic stability of the preferred design for the bridge. During the 
A course of the investigation, much empirical evidence has been gained which 
‘should prove helpful in the design of other suspension bridges. Time was 
‘not available, however, for the more fundamental research work which is 
“stil needed to elucidate the root causes of the aerodynamic oscillations. 


“2 
__-* The crossing proposed is between Beachley and Aust. The bridge will have a 


centre span of 3,240 feet, and equal sidespans of 1,000 feet each. * 
+ Joint Engineers for the Severn Bridge—Messrs Mott, Hay and Anderson and 


Messrs Freeman, Fox and Partners. 
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Only a brief review of the experiments, with a general statement of th 

more important results and conclusions, can be given here. A fuller sum- 
mary has been presented to the Ministry of Transport,! and detailed results ~ 
are given in a series of unpublished progress reports ® % + % 67 by the 
National Physical Laboratory. ; 


Historical Note : 

In the past, many bridge failures have been caused by the action of 
wind. Some of these have resulted from insufficient allowances for static 
wind pressures but others, on bridges adequately designed to withstan 
such pressures, have been caused by oscillations of the structure set-up by 
steady winds. This dynamic action of winds is termed “ aerodynamic — 
instability.” It will be shown subsequently that the wind speeds capable ~ 
of exciting oscillations are approximately proportional to the values of th 
natural frequencies. Hence long-span suspension bridges, with their low _ 
natural frequencies, may be expected to be more vulnerable to aero- 
dynamic action than other types of bridge. In fact, the only recorded 
instances of such oscillations appear to be those involving suspension 
bridges. An early example is provided by Telford’s original suspension — 
bridge over the Menai Straits. One eye-witness stated that the bridge 
undulated at times in waves 16 feet high,® and damage to the bridge was 
caused by torsional oscillations in 1826, 1836, and 1839. In 1836, one 
span of the old Chain Pier at Brighton was broken during a storm by tor- 
sional oscillations with a node at mid-span 1° (See Figs 1). Several modern — 
suspension bridges, mostly in the United States of America, have developed — 
aerodynamic instability but fortunately in most cases it was not 
destructive.11 The notable exception was the spectacular failure of the 
original Tacoma Narrows Bridge 1% 14 by torsional oscillations similar — 
to those which damaged the Brighton Chain Pier (see Figs 1 and 2). 
The Tacoma Bridge, with a main span of 2,800 feet, was only 39 feet wide, 
and was stiffened along its sides by solid plate girders. During the four 
months it was in service, vertical bending oscillations occurred in certain 
winds. These motions were not very large (records show a maximum total 
throw of about 5 feet) and they did not prevent traffic from using the 
bridge. On the day of the failure the bridge was destroyed within an hour 
by the single-noded torsional oscillations which started suddenly in a 
wind of about 42 miles per hour. The behaviour of this bridge has 
become widely known through cine-films showing the oscillations and the 
collapse. These films have a unique scientific value since they have 
enabled comparisons to be made between the recorded behaviour of an 
actual bridge with that of models of the same bridge in wind tunnels. 

The collapse of the Tacoma Narrows Bridge was followed by extensive 
researches in the U.S.A. Those at the University of Washington 11 12 
involved building a very large wind tunnel with a working section 100-feet 


1 The references are given on p, 218. 
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wide. ‘The first model tested in this wind tunnel represented the origi 
Tacoma bridge and it showed aerodynamic oscillations similar to those” 
which had been observed on the prototype. This good correlation gave 
confidence in the use of the experimental method, which was then applied — 
systematically to determine a safe design for the reconstruction. Th 
second Tacoma bridge was completed at the end of 1950. Since then hig 
winds have been experienced at the site on several occasions but the 
bridge has remained satisfactorily steady under all conditions. 


Types of Oscillations 
The wind-excited oscillations which have occurred on long-span suspen- 
sion bridges have been basically either vertical bending, or torsional, _ 
motions. In vertical oscillations the suspended platform moves up and 
down and the two cables displace equally and in step. In torsional 
oscillations the platform twists about a spanwise axis and the cables 
displace equally but in opposite directions. Both types of motion can — 
occur at various frequencies and in a variety of modes. The instantaneous 
shape of a spanwise reference line during an oscillation is termed the 
“‘ wave-form” of the oscillation and is either “ symmetric” or “ anti- 
symmetric ” with respect to the centre of the bridge, according to whether 
the displacements of the two half-spans are in the same phase, or in anti- _ 
phase. Since the cables can extend only slightly, they must displace — 
horizontally in the direction of the span as well as vertically, in order to — 
maintain approximately constant length. With symmetrical oscillations 
the cables displace only vertically at mid-span, but the horizontal move- — 
ment at the towers can be marked. With antisymmetrical oscillations 
the horizontal displacements can be marked at mid-span, but will in general 
be small at the towers. With antisymmetrical modes a node must occur — 
at mid-span, and hence the total number of nodes is odd ; with symmetrical _ 
modes movement must take place at mid-span, and the number of nodes _ 
is even, 
The free oscillations of a bridge resulting from an initial general 
disturbance can be regarded as a mixture of the natural oscillations of 
the bridge, each of which has its particular frequency, damping rate, and 
wave-form. The damping rate for each natural oscillation depends on 
the structural damping and on the damping forces due to the air. The 
aerodynamic damping is positive when the bridge is in still air but its 
value is influenced by wind, and for some bridge designs it is possible for 
the net damping (aerodynamic plus structural) of a natural oscillation 
to become zero or even negative for certain wind directions and certain 
ranges of wind speed. In such cases that particular natural oscillation 
will persist after the bridge has been disturbed in any way. The end points” 
of these speed ranges, which lead to zero net damping and simple harmonic 
oscillations, are termed “ critical speeds.”” Wind speeds within these 
ranges yield negative net damping, and therefore the amplitudes of the 
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Reproduced from Univ. Wash. Eng. Exp. Stat. Bull. No. 116. (See reference 11) 
THe TORSIONAL OSCILLATIONS OF THE TACOMA BRIDGE 
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_ oscillations will increase initially. Ultimately the motions will either 
_ become maintained at a constant finite amplitude (due to departures of 
_ the system from linear behaviour) or will continue to grow until structural 
_ failure occurs. 
__ Asimple physical picture of the way in which wind action may excite 
_ oscillations cannot be offered, but some explanatory remarks may be useful. 
If small, steady oscillations having a constant natural frequency and 
wave-form were imposed on the system, vortices would be generated 
_ periodically and carried down stream, and the aerodynamic restoring- 
force exerted on the bridge at any instant due to the travelling vortex- 
system would not in general be in the same phase as the oscillation. It 
would, in fact, have a negative or a positive damping tendency depending 
on whether it lagged behind, or acted in advance of, the displacement of 
the bridge. The strength and the phase of the vortex system would vary 
with velocity and hence negative aerodynamic damping would be produced 
only for a range of wind speed. These general considerations do no more 
_ than account for the occurrence of instability over definite speed ranges. 
_ A more fundamental explanation would require a detailed knowledge of 
_ the vortex systems. These appear to be too complicated, especially with a 
truss-stiffened bridge, for a purely theoretical determination. For this 
_ reason, experimental or semi-empirical methods must be used for deter- 
* mining the stability characteristics of a proposed bridge. 
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_ Experimental Methods 
. In the investigation to be described, the oscillatory behaviour of bridges 
_ was studied experimentally by tests of models in wind tunnels. The two 
types of model used were similar to those used at the University of Wash- 
_ ington in the extensive investigations which followed the collapse of the 
Tacoma Narrows Bridge.11,12 These were : 


(a) Sectional Models 
A sectional model is a short rigid model of a sample length of the 
_ suspended structure and is mounted across the wind tunnel (with its span 
_ horizontal and normal to the wind stream) with freedom to oscillate against 
spring constraints. In the present investigation the model mountings 
permitted vertical translatory motions and pitching motions.* These 
motions, which were the two-dimensional equivalents of the vertical bend- 
ing and torsional motions of the complete bridge, could take place at the 
same time for coupled motion tests, or could be isolated for tests with a 
single freedom. 7 
In general the wind tests of these models involved no more than the 
observation and measurement of the critical wind speeds and frequencies 


'* A few tests were also made with lateral motion (that is, translation normal to the 
span and in the plane of the decks). 


a, 
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bounding the ranges over which oscillations were maintained by the wind. 
Occasionally the damping rates of oscillations in the wind stream were 
measured. The tests were made in transverse winds with inclinations 
varying between =F 15 degrees. It was not considered practicable to testi 
sectional models in horizontally inclined winds. j 
(b) Full Models ' 
A full model is a replica of a complete bridge and is so constructed that 
‘ts behaviour in a wind stream is similar to the full-scale bridge. The full 
model used in this investigation was installed in a large wind tunnel * — 
specially built by the Ministry of Transport in an aircraft hangar on a 
disused airfield at Thurleigh, Bedfordshire. The direction of the tunnel — 
wind-stream could not be varied, but the effect of inclined winds, both 


influence of several factors cannot be represented directly. Such facto 
include, for example, the tower stifinesses and inertias, the longitudina 
camber, the oscillation wave-form, and the horizontal inclination of the 
wind. However, it was also clear that full models were unsuitable for 
routine comparisons between different forms of suspended platform, owing 
to the length of time required for construction and the high cost. To 
provide a practical programme, it was therefore decided to depend on tests _ 
of sectional models for an indication of the most promising structural forms. 
- Whilst the tests were in progress, the design and construction of a full 
model was also put in hand, with a view to tests of the correlation between 
the two different experimental methods. This full model was necessarily 
based on a very early design for the bridge, and it became available fe r 
wind-tunnel tests in 1948. The results obtained with these two types led 
to the conclusion that sectional-model tests were sufficient for reliable full- 
scale prediction, and accordingly the construction of a further full model, 
based on the design finally preferred for the bridge, was considered to be 
unnecessary. A final verification of the stability of this design was, 
however, provided by tests of a large-scale sectional model. An increase 
of the linear scale from ;}> to yg was considered advisable, because pre- 
vious tests had shown that the stability was sensitively influenced by details 
of the structural form which could not be copied with sufficient accuracy 
on a small-scale model. 


Stiffness and Frequency Calculations : . 
Reliable estimates of the natural frequencies and elastic stiffnesses ar 
required in the design of both full-scale and model bridge structures, an 


* The wind tunnel is briefly described in Appendix IT. 
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for the interpretation of model-test results. A discussion of the various 

_ theoretical methods available is outside the scope of this Communication. 
As part of the Severn Bridge investigation, a novel treatment has been 

= developed by Dr R. A. Frazer, F.R.S., of the National Physical Laboratory. 

_ It is less exacting and time-consuming than a full structural analysis but 

_More rigorous than methods relying merely on simple beam theory. 
This mathematical work will be published separately. 


_ Static Loads Due to Wind 
_ Another side of the aerodynamic investigation was concerned with the 
static loads exerted on the bridge structure by wind. This information 
“was requested by the Joint Engineers to assist their design calculations. 
The necessary wind-tunnel tests were carried out at the National Physical 
Laboratory on a 3'5-scale model representing the final design.? The model 
_ was made in three lengths separated by small gaps. Loads were measured 
on the central portion only, while the two end-pieces served to ensure the 
correct airflow. Values of the three component forces and the three 
- component moments were obtained for the complete range of horizontal 
_wind-inclination and for a wide range of positive and negative vertical 
inclinations. 


» was 


_ Natural Winds 
| In the study of wind action on a suspension bridge, information of a 
~ statistical nature on the winds to be expected on the site is very desirable. 
_ An effort to obtain such information is being made by the Joint Engineers 
_ for the Severn Bridge, with the use of special anemometers which have 
been developed by the Meteorological Office. The instruments auto- 
_ matically record the wind speeds and the horizontal and vertical inclina- 
_ tions at several positions simultaneously. 
For the purpose of wind-tunnel tests on bridge models it is usual to 
_ suppose that the wind is steady and distributed evenly along the span, and 
to place reasonable limitations on the wind speeds and wind directions. 
In the case of the Severn Bridge investigation it was asssumed that wind 
_ of up to 100 miles per hour could be incident from any quarter and with a 
- vertical inclination ranging between -F 15 degrees, Only in a few special 
tests was any attempt made to simulate gusty winds. 
It is, of course, extremely unlikely that a natural wind would ever be 
_ maintained evenly and steadily across the entire span of a long bridge, 
_ except perhaps for short periods. However, since the stability of a bridge 
section is influenced by both wind speed and wind direction, the most 
unstable condition for the complete bridge may be assumed to be when it is 
_ exposed to the most unfavourable combination of wind speed and wind 
direction at all positions along the span. In this respect then, tests of 
J model bridges in wind tunnels should give results erring on the safe side. 
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GENERAL CONCLUSIONS FROM THE FuLL-MoDEL AND THE SECTIONAL~ 
Move, ExPERIMENTS - 


The investigation has shown that reliable predictions of the stability of 
any proposed design of truss-stiffened suspension bridges cannot, in eneia 
be made without the help of wind-tunnel tests on models. The results of 
the investigation can be used to obtain guidance on the choice of a design, 
but if any important new features are to be incorporated, confirmato 
tests of the stability are advisable. For this purpose experiments with 
sectional models are considered to be adequate. | 

Truss-stiffened bridges are stable in vertical motion and their tendenc 
to instability in torsional oscillations can be corrected by suitable desi 
of the suspended structure. Design features which have a correctiv 
influence are :-— 


Stiffening-truss chords of high width/depth ratio ; 

Separation of traffic lanes by open slots or gratings ; 

Truss-type deck stringers in preference to the plate-type ; 

Castellated handrailing, or other types of handrailing designed 
break up the continuity of the airflow pattern ; ' 

Sidetracks (for example, footpaths, cycle-tracks, etc.) mounted out- 
board of the stiffening truss. 

Lattice-type wind bracing near deck level. 


The stability properties of suspension bridges stiffened by plate girders — 
were not studied in any detail. Such bridges are liable to both vertical 
oscillations and torsional oscillations, and their bluff aerodynamic shapes 
do not appear to favour the same high degree of stability as is shown by — 
truss-stiffened sections. ’ 


NovraTION 


p denotes air density. 


v,,__ kinematic viscosity of air. 

B_,, width of bridge between stiffening trusses. 

g9 + acceleration due to gravity. 

o ,, typical material density. 

E ,, _ typical elastic modulus. 

6 ,, angular torsional displacement of suspended plat- 
form at any instant of oscillation (radians). 

z ,, linear vertical displacement of structure at any 

instant of oscillation. 

Ig _,, torsional moment of inertia per unit of spanwise 

length. 


Iz ,, |‘ mass per unit spanwise length. 


THE AERODYNAMIC STABILITY OF SUSPENSION BRIDGES 197 


Ng and N; denotes natural frequencies of oscillation in torsional and 


‘. vertical bending modes respectively. 
Vg égande, ,, elastic stiffmesses corresponding respectively to 
az Ig, No and J,; Nz. 
oa 6 ,, natural logarithm of the amplitude of successive 
ae cycles of oscillation (logarithmic decrement). 
€ dgand6, ,, logarithmic decrements for torsional and vertical 
eZ oscillations in still air respectively. 
— Se4and6z4 ,, logarithmic decrements due to still air damping. 
Op anddz,  ,, logarithmic decrements due to structural damping. 
is Sow » logarithmic decrement of torsional oscillations due 
: 4 to the wind stream. 
= Vand Ve ,, wind speed and critical wind speed respectively. 
—  NandN, ,, frequencies of oscillation corresponding to V and 
V_ respectively. 
a Ke », reduced velocity ( os xa) 
V 
Ve= NoB 


« denotes angular inclination of wind to the bridge platform in 
a vertical plane—upwinds, positive (degrees). 

8. ,, angular inclination of the wind to the bridge in a 
horizontal plane (8 = 0 and 90 degrees for trans- 
verse and longitudinal winds). 
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(i); Full Models 

-- he motions of similar-shaped suspension bridges in ‘wind may be 
_ influenced by the bridge size (B), by the density, damping, and elasticity 
of the bridge structure (c, 5s, H) and by the viscosity, density, and velocity 
of the air (v, p, V). / 

_ By the usual principles of dimensional analysis these parameters can be 
_ grouped in the following independent non-dimensional combinations : 
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a (b) pV? (elasticity) | | 
(c) 5s (structural damping) Svblget tay SEE) 


_* (ad) a (gravitational) 
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Complete dynamic similarity between model and full-scale is achieved 
if the model is geometrically similar to full-scale and the above numbers are 
equal for both systems. | 

For tests in atmospheric wind tunnels of practicable dimensions and 
. wind speeds, the full-scale value of (e) cannot be achieved. The velocity — 
scale would, moreover, be incompatible with that required by (d). How- 
ever, there is evidence that the aerodynamic forces acting on bluff bodies 
such as bridge structures depend mainly on pressure action and only 
indirectly on viscous action, and hence the validity of full-scale prediction 
by model-testing is not seriously impaired by incorrect scaling of the — 
viscous forces. 

The design and construction of a model to accord with the similarity 
numbers (a) to (d) presents considerable difficulties. It will be found 
generally that materials of construction do not exist which possess the 
requisite combinations of density and elastic moduli, and that even if such — 
materials were available, the exact small-scale reproduction of details 
might be impracticable. However, it is sufficient if the correct overall 
inertias and elastic stiffnesses are reproduced in the model. Equivalent 
similarity numbers to those given in (1) but using inertial and elastic- 
stiffness terms are : ; 


LE 


le ds 
(a) pB* pB® ° . 


&9 ez 
b) eee ry a OO . 
(0) SyeBe pv? © ro, ea 


(c) dos: 8:8, ete. 
gB 
(¢) Fe | 
1 
With a linear Seale of . the foregoing numbers yield a velocity and a 


o A 
frequency scale of aa and 4/n respectively. The values of V, and Vs 


are therefore the same for the full-scale bridge as for the model. 
(ii) Sectional Models 
~ With strict inertial scaling —True similarity conditions are obviously not 
observed in the sectional-model method of test. The use of the method for 
full-scale prediction assumes that oscillations of a complete bridge arise 
from the aerodynamic action on the suspended structure alone and that the 
other components (for example, cables) contribute to the dynamic proper- 
ties only. It also implies that critical values of V, ate not influenced by 
oscillation wave-form. “pa 
The inertial coefficients of sectional models represent the total contribu- 
tion of suspended structure and cables. The model-stiffnesses are merely 
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those which provide the required oscillation frequencies and need not, as 
the case of full models, be derived from correctly proportioned gravitational 
and elastic forces. When (d) is omitted, and expressions for natural 
frequencies are substituted in (b), the similarity numbers for sectional 
_ models become : 


a Lo eis 


‘ (@) SBE pB 

a peg thea aero reall | 
x ) oR NB 

je (c) dos; 8zs 


___ where Ig, Iz now represent overall values. 

Thus the actual velocity and frequency scales for sectional models are 
interdependent, but one or other may be chosen at convenience. 

€ Inertial scaling not attempted—tIn a previous Paper,!> which describes 
_ the preliminary stages of this investigation, tests of sectional models 
_ involving isolated motions only were considered. The requirements for 
similarity were then approached through the solutions of the equations of 
motion. Similarity conditions equivalent to those given in (3) were, of 
course, obtained; but in addition, it was shown that when Ny = N. 
approximately, strict inertial scaling is not essential and the critical values 
_ of V, depend only on the geometric shape of the structure and on the 
= 1989s T8zs 


product of (a) and (c), that is to say, on Bt and pB for angular and linear 


motions respectively. 


AAS et. 


Procedure for Prototype Prediction from Sectional-Model Test Data 

Some remarks may be useful on the procedure in the two cases where 
strict inertial scaling of the model is observed, or is not attempted and 
Ne = Ng approximately.* The critical values of Vy obtained from the 
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the values of 595 satisfy the stated conditions.f Strict inertial scaling is 
essential for values of V, (and N-) to be applicable: critical speeds are 
- then determined from critical values of Vs or V, by either of the relations 
V. = NoBV; or Ve = NeBVr. The value of N, required by the latter 
_ relation is not given by the other method, and it is therefore necessary to 
use the approximation V; = NgBV;,. Experience obtained with various 


_. setious discrepancies within the range of normal winds. — 


“fit For convenience, pitching oscillations only are discussed here. The procedure 


applies equally well to other motions. : og 
~ + Some further remarks in connexion with the determination of structural damping 


are given in Appendix I. 
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model by both these methods are applicable to the prototype, provided’ 


a types of bridge section indicates that this approximation introduces no _ 
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THe Fuit-Mopet EXPERIMENTS 
Model Construction * 

The ;45-scale full model is illustrated by Fig. 3 (facing p. 192). It 
represented a truss-stiffened bridge of 107-foot width with a 3,000-foot 
centre span and two equal 1,020-foot sidespans. The cable sag/span 
ratio was 1:10. Section A, of Fig. 4, shows in outline the section of the — 
mid-deck type of suspended structure. The two roadways, each 39 feet 
wide, were separated by an 8-3-foot-wide reservation. The dead loads 
due to the suspended structure and to the suspension were respectively 
5-07 and 1-43 tons per foot span. 

The model was intended for research purposes and was designed in 
such a way that the arrangement of the suspended structure and its 
dynamical properties could be altered. The required stiffness and inertial 
properties of the suspended structure were obtained by the use of light 
rigid components interconnected by steel springs. These rigid components 
were mostly of aluminium balsa-wood sandwich construction and each 
spanned the 60 feet between adjacent cross-girders. Since the deforma- 
tions occurred mainly through the steel springs, this construction enabled 
the elastic stiffness to be varied by substitution, and also prevented the 
structural dampings from becoming excessive. The roadways were not 
continuous in each span, but were divided into segments separated from 
‘one another by small gaps at the cross-girders. The supports for these 
segments consisted of thin vertical steel blades fixed centrally to the two 
end cross-girders concerned, with their planes at right angles to the span. 
The resistance offered by those mountings to displacements of the bridge 
structure was due to the bending or the twisting of the thin blades, and was 
relatively very small. ; 

Both the elastic and inertial properties of the towers were variable but 
it was not considered necessary to reproduce the correct external shape of 
either the towers or the anchorages. The model cable consisted of piano 
wire of 0-024-inch diameter which provided the equivalent of a full-scale 
cross-sectional area of about 450 square inches with a z3> reduction of 
Young’s modulus. To obtain the correct mass and external shape, hollow 
brass cylinders were spaced along the wire and fixed to it by a single grub 
screw. The model suspenders were made of fishing line which had been 
pre-stretched and treated with a beeswax coating to reduce the effect of 
humidity changes on its length. a 

The model was mounted on the horizontal turntable which fitted flush 
_ with the floor of the wind-tunnel test-chamber (see Appendix II and 
Fig. 15). Changes of the horizontal wind direction were reproduced by — 
rotation of the turntable and the effect of vertically inclined winds was 
simulated by tilting the whole model about a spanwise axis near the wind- 


* Unless otherwise stated, all values quoted throu hout this Paper have been 
_ converted to refer to full-scale, — ae etre 


+O Ae 


THE AERODYNAMIC STABILITY OF SUSPENSION BRIDGES 201 


tunnel floor. In the latter case, for an angle of tilt «’, a component of the 
weight of the model proportional to sin «’ acted laterally, and the model 


_ normal component was reduced by the factor cos «’. In order to balance 
_ the lateral component and to restore the model normal component of force 


, 


to its full value, spring-tensioned cords, inclined at an angle ; to the 


_ horizontal, were attached to the stiffening truss at several positions along 
_ the span. These cords were tensioned by weak helical springs and the 


eee 


_ tension adjusted until the lateral component of the weight of the platform 


was cancelled. In this condition the total normal component of force 
equalled the vertical force due to gravity for the uninclined model. The 


contribution of the tensioned cords to the elastic stiffnesses of the model 


was made very small by using long lengths of cord and springs of low 


- stiffness. 


_ Resonance and Damping Properties of the Model 


Resonance modes and frequencies were obtained by forcing the model 


_ through a light spring by means of a reciprocating gear. With vertical 
_ bending, oscillation modes were observed showing from 0 to 6 nodes * 
within the centre span and corresponding to frequencies ranging from 
_ approximately 0-13 to 0-53 cycles per second. With torsional oscillations 
__ the natural frequencies ranged between 0-27 and 0-53 cycles per second for 


modes with from 0 to 2 nodes within the centre span. Ratios of the 


natural frequencies for corresponding modes of torsional and vertical 


oscillations were higher than was expected from considerations based 
solely on cable deformations and differential bending of the trusses, and 
showed that the influence of the torsional stiffness of the suspended struc- 
ture was considerably greater than that of an actual bridge braced hori- 


4 zontally in one plane only. Upon investigation this high stiffness was 
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traced mainly to the warping resistance of the model cross-girders. A cor- 
rection was not attempted since a high natural-frequency ratio did not 
seriously detract from the usefulness of a model intended for general re- 
search purposes. The ratio was in fact more nearly representative of the 
bridge types incorporating two planes of horizontal bracing which were 
coming under consideration by the time the model was ready for test. 
The logarithmic decrements of the decay of artificially excited oscil- 


lations were measured in the usual way from photographic records of 
amplitude. Values of about 0-05 were typical for both horizontal and 
_ vertical oscillations. 


The Aerodynamic Tests 


In wind tests, the tunnel speed was gradually increased from zero to the _ 
maximum corresponding on full-scale to a little over 140 miles per hour. 


* In the present Paper the two nodes situated at the fixed ends of a span will be 


excluded in the enumeration of nodes. 


a 


various modes were noted. In general the modes were observed visually 
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The critical wind speeds and frequencies for maintained oscillations in th 


but cinematograph records were taken of certain typical oscillations.* 

The experiments were carried out under conditions corresponding to 
various vertical wind inclinations % and horizontal wind inclinations B. 
The effective angle « produced by a given tilting inclination «’ of the model 7 
depended on the value of 8, and was given to a close approximation by 
a=«' cos, Except for longitudinal or near longitudinal winds, the 
values of vertical inclination attained ranged between + 15 degrees. ; 

Tests were made on the influence of several design variations such as 
grade-line camber, tower stiffness and cable loading; and also on the — 
effects of modifications to the external shape of the suspended structure. 
By covering the stiffening-truss panels with paper it was possible to simu- 
late the aerodynamic effect of a plate-girder-stiffened bridge. In this — 
condition the model reproduced many of the modes of oscillation which — 
occurred on the original Tacoma Bridge. 

The more important results and conclusions are given below. 

(a) Coupling between vertical bending and torsional motions——Each 
wind-induced oscillation observed corresponded in mode and in frequency 
to a natural oscillation induced by resonance tests in still air. From this — 
experimental evidence, and from independent visual observations, it was 
concluded that coupling effects between the vertical bending and torsional 
motions had little influence on the oscillations. However, as previously — 
No 
N; 
high and was more approximate to a bridge with a double rather than a_ 
single plane of lateral bracing. The effect of a closer approach to equality 
of the natural frequencies was investigated in the sectional-model tests to 
be described later. 

(b) Influence of oscillation wave-form.—With a given wind inclina- 
tion and model condition, all the different types of torsional oscillation 
appeared for approximately the same constant value of V,. A similar 
conclusion applied for vertical bending oscillations. This indicates 
that the influence of oscillation wave-form on critical values of V, is 
unimportant. : 

(ce) Influence of shape of suspended structure.—The stability depended on 
the shape and arrangement of the components of the suspended structure. 
The model with plate-girder stiffening exhibited a high degree of instability 
in both vertical bending and torsional oscillations. No instability in 
vertical bending motion was found in any test with a truss-stiffened model. 
Torsional oscillations occurred for certain arrangements of the truss- 
stiffened model. . i" 


noted, the natural frequency ratio ; for corresponding wave-forms was 


* Some of these records have been incorporated in a short silent film produced by 


the National Physical Laboratory and entitled ‘ Oscillations of a Model Suspension 
Bridge in Wind.” Lo 0 
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The influence of shape is discussed in more detail in the description of 
__ the sectional-model tests. 
(d) Influence of elastic stiffnesses and natural frequencies.—Critical 
_ values of V, were not appreciably influenced by variation of the stifinesses 
and natural frequencies due to structural modifications which did not 
_ involve change of shape of the suspended structure. Such modifications 
- included variation of the tower stiffnesses, unloading the sidespan cables, 
and fitting a centre-tie between truss and cable. 

p (e) Influence of wind inclination. —The highest degree of instability was 

found in transverse winds (8 = 0) and the stability characteristics improved 
__ progressively with increase of 8. Vertical bending oscillations of the plate- 
_ girder-stiffened model persisted, but with decreasing amplitude, up to a 
_ value of 8 between 30 and 45 degrees ; whilst weak torsional oscillations . 
_ were still present at 8 = 60 degrees. No instability of any type was found 
__ in steady longitudinal winds. 
> The stability was sensitive to the vertical inclination of the wind. The 
__ highest degree of instability of the plate-girder-stiffened bridge occurred 
with slight negative vertical inclination, and that for the truss-stiffened 
__ bridges with slight positive inclination. . 
ZB (f) Effect of grade-line camber.—The stability was not greatly influenced 
_ by variations of the grade-line camber. The indications were that a 
- cambered grade-line yielded very slightly better stability characteristics 
_ than a level grade-line. 
(9) Effect of gusty winds—Some tests were attempted with several 
types of disturbed airflow, none of which, however, was necessarily repre- 
sentative of natural gusty winds. In longitudinal, as well as in transverse 
winds, irregular vertical oscillations were set up by the buffeting action of 
_ large-scale eddies shed from the gust-making device, but no tendency to 
_ torsional motion was observed. 
_ (h) Correlation between sectional-model and full-model tests—The full- 

model tests showed that critical values of V, for specific values of the struc- 
tural damping were determined by the shape of the suspended platform 

and were not substantially affected by other structural properties or by the 
__wave-form of the oscillation. Also, in these tests, the highest degree of 
instability was produced in transverse winds. It was concluded that 
- sectional-model tests would be adequate for stability prediction provided 
_ they yielded the same critical values of V;, as those given by the correspond- 
ing full model. ; . 
Table 1 sets out a comparison of the results obtained with the full model 
and with its sectional-model copy. The alignment of the vertical motion 
in the sectional-model tests were not strictly correct except at zero inci- 
dence, since the direction of model-motion was not altered to correspond to 
the incidence change. The error in alignment increased with incidence 
| and hence may account for the lack of correlation between the results. at 
~ % = 10 degrees for vertical oscillations of the plate-girder-stiffened 
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section. With this exception, all the results showed very good agreement 
between the two methods of test and support the conclusion that reliable — 
predictions of the stability of proposed suspension bridges may be based on 
sectional-model tests only. 


EXPERIMENTS WITH 739-SCALE SecTIONAL MODELS 


The models tested represented the four main types of bridge section — 
drawn in outline in Figs 4; some of the actual models are illustrated by the — 


Figs 4 
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photographs reproduced in Figs 5 (facing p. 193) and 8. They were of 
rigid wooden construction and represented a 340-foot length of the bridge 
suspended structure. Tests were made in a wind tunnel with a working 
section measuring 4 feet by 3-40 feet. Two types of mounting, here 
referred to as the “ original ” and the “improved,” were used at different 
times in the investigation. These were: 


Fig. 7 
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A (i) The original mounting.—This permitted both vertical bending and 
~ pitching motions, either singly or together. The apparatus damping was 
not directly variable, and the inertias of the model on this mounting were 

_very much greater than those required by correct scaling of the prototype 
<> values. However, since in the tests N, = Ng, the similarity conditions 
_ given on p. 199 were applicable. 
ie The model was attached at both ends to circular plates which were 
_ supported on ball-bearings so that pitching motion could take place against 
_ the elastic constraint provided by helical springs. Each bearing and spring 

assembly was carried on a framework which was constrained to move 
_ vertically by a steel-strip device ; helical springs again providing stiffness. 

The circular end-plates fitted flush with the walls of the wind tunnel. 
. (ii) The improved mounting.—This was used for pitching-motion tests 
~ with correct inertial scaling and with the apparatus-damping variable 
from a low initial value. As in the case of the original mounting, the ~ 
~ model was carried between discs. Each disc was supported on a steel- 
’ strip suspension which maintained a fixed axis of oscillation and also 
_ provided the required elastic stifiness. The damping due to this suspension 
was very small. Additional damping was supplied by the action of a 
_ thin segment of copper which oscillated with the model and passed between 
the pole-pieces of an electromagnet. The damping moment produced by 
the eddy currents set up in the copper was proportional to the velocity of 
_ the motion and could be readily varied by adjusting the current through 
- the coils of the electromagnet. ‘ 


Discussion of Results 
The models were all stiffened by trusses of the single Warren type, 

- but could be readily converted to represent plate-girder-stiffened sections 

by the attachment. of solid covers to the trusses. They were usually 
tested with a pitching-axis placed approximately centrally with respect 

to the four stiffening-truss chord members but some tests were made 
_ with other axis positions. The maximum value of V, or Vs obtainable 
depended on the test conditions but in all cases corresponded to full-scale 
wind speeds of rather more than 100 miles per hour and for most of the 
_ pitching-motion tests to rather more than 200 miles per hour. The 
_ apparatus damping of the original mounting corresponded to dys = 0-05 
and Sz = 0-06 approximately on the full-scale bridge. Tests were con- 
ducted at « = 15, 10, 5, 0, —5, — 10, and — 15 degrees. A section is 
~ described as stable when no oscillations occurred within the experimental 
limits. 
Some of the models were tested on both the original and the improved 
mountings. The good agreement obtained between corresponding sets of 
' results provided experimental verification for the similarity conditions 
‘stated on p. 199 for the case where strict inertial scaling is not attempted. 
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The main conclusions derived from the results of the sectional-mode 
tests are summarized below. 

(a) Influence of structural damping.—Diagrams showing the influence of 
structural damping on stability are’reproduced in Figs 9 and 10 for th 
plate-girder- and truss-stiffened Sections A respectively. 

Increase of 5g; narrowed the instability range by increasing the criti 


CRITICAL VALUES OF V;. 


0 005 © O10 ols O18 

86s 
INFLUENCE OF SrRuCTURAL DAMPING ON THE PrrcHING OSCILLATIONS OF THE 
Prate-Grrper-StTrFFENED SroTrion A ry 


speeds for the lower boundary and decreasing those for the upper boun-- 
dary.* The magnitude of 89 necessary to prevent oscillations for all wind 
speeds provided a qualitative indication of the relative strengths of the 
instabilities. — er 

* This was found to be generally true, although the particular a 
for Figs 10 did not show an upper boundary peg tgs Tea tie 


THE AERODYNAMIC STABILITY OF SUSPENSION BRIDGES 207 


_. (b) Influence of location of pitching axis.—The vertical position of the 
pitching-axis was varied in tests of the mid-deck section (B, Figs 4) and 
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of the top-deck section (D, Figs 4). For axes lying midway between th 
stiffening trusses the stability of both these sections was least when the 
axis was located near the level of the deck. 

(c) Coupling between vertical bending and pitching oscillations.—I 1 
sectional-model tests with coupled motions, particular attention was giver 
to ratios of the natural frequencies near unity, since it was expected that 
the influence of coupling would then be most marked. Except when th 


frequency ratio Pi closely approached unity, one of the motions was always 
= ; 


found to predominate, and the critical frequency and reduced velocity 
were in fair agreement with those obtained in the corresponding isolated-_ 
motion test. When af = 1 both motions were present in substantial pro- 
z 
portions. In one instance the model was stable when its freedoms were — 
N . 
isolated, but coupled oscillations occurred when er was very close to unity. 
z 

Hence it was concluded that sectional models could be tested satis- 
factorily with the vertical and pitching freedoms isolated, unless the 
frequencies for corresponding modes were approximately equal. 

(d) Influence of the form of the suspended structure 

Plate-girder sections 

Plate-girder sections were in most cases represented by covering the 
stiffening trusses of the sections shown in Figs 4, and were therefore deeper 
than is usual in practice. Such sections were in general considerably 
more unstable than truss-stiffened ones (compare Fig. 9 and Fig. 10 (a)). — 
They showed instability in both vertical and pitching motions, usually at 
low wind-speeds. For example, the critical values of V, for the plate- — 


girder-stiffened sectional model A were about 1-7 and 2-5 for vertical and 
pitching oscillations respectively. 


Truss-stiffened sections 

No vertical oscillations were excited with any truss-stiffened section 
tested. This result is most probably true for truss-stiffened bridges 
generally, since it is confirmed by model-tests elsewhere 11 and by full- 
scale experience. ; 
The stability in pitching motion of the truss-stiffened sectional models 
depended on the form and arrangement of the structural components. It 
was often sensitive to the design of small structural details and especially 
of those, such as handrailing and roadway stringers, carried by the decks, 
Because of these effects, and of the numerous possible design variations, it 
is not considered practicable to make reliable predictions of the stability 
of truss-stiffened bridges by means of simple criteria only and without 
experiments with models. However, the results of tests with several 
types of bridge section and with numerous modifications to their structural 


Te 
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details do show certain general trends, and these may be helpful as a guide 
_ to the initial choice of section. The influence of the design and arrange- 
ment of a truss-stiffened bridge section on pitching stability was as 


- follows — 


> 


AS ee 


ee 


(i) Steffening trusses.—An increase in the width/depth ratio of the 
stiffening-truss chords improved the stability. The tests were. 


not sufficiently comprehensive to indicate the influence of the 
number or disposition of the diagonal and vertical members. 


(ii) Roadway decks 
Reservations between roadways 


The division of the total roadway width into a number of 
parallel tracks, each separated by a reservation through which 
air could flow freely, had a very beneficial effect (compare 
Figs 10 (a) and 10 (b)). Such a reservation may be formed by 
a grating, or may be completely uncovered and bordered by 
balustrades. Improvements were obtained by increasing the 
number and width of such reservations as, for example, in 
Section B which showed somewhat better stability charac- 
teristics than those of Section A. 


Roadway stringers and handrailing 


The structural form of the roadway stringers and handrailing 
had a considerable influence. Sections with plain decks 


- (that is to say, without stringers or handrailing) showed in- 


stability at both negative and positive inclinations of the 
wind. Substantial improvements were effected by fitting 
stringers and handrailing which act as aerodynamic spoilers 
by shedding eddies of mixed frequencies and directions along 
the span. Such spoilers on the deck upper surfaces improved 
stability at positive angles of incidence while those on the 
lower surfaces were effective for negative angles. Truss-type 
stringers, and to a certain extent, plain paling handrailing 
(Figs 11) proved to be suitable for this purpose. The effective- 
ness of the paling handrailing was considerably increased by 
the addition of solid castellations of the form shown in Figs 11. 


(Compare the stability diagrams Fig. 10 (a) and Fig. 10 (c)). 


The use of solid-plate construction for either stringers or hand- 

railing did not produce the same beneficial effect. 
The stability was influenced by small changes of the vertical 

levels of the decks, both relative to each other and to the 


od 


supporting structure. No indication of the deck levels most 


favourable to stability can be made from -the few results 
available. : i. é 


(iii) Horizontal bracing. —The influence of the type and position of the’ 


(iv) Comparison of the stability of the main types of section.—The 
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Figs 11 
ks 


if ta 


Close-spaced castellated paling 


Di im 


Wide-spaced castellated paling 


Plain paling 


Forms or HANDRAILING 


Traffic 

In view of the marked influence on stability exerted by 
fittings to the roadway decks it was desirable to determine the — 
aerodynamic effect of traffic. Several arrangements of models 
of various types of vehicular traffic were placed on the decks of 
Section B (see Fig. 6). None of these had any measurable 
adverse effect. 


horizontal bracing was tested for the mid-deck Section C only, 
and was found to be small. The indications were that plate- 
girder bracing members compared unfavourably with those 
of open-lattice construction, and that the most favourable 
position for the lattice-types of bracing was just underneath the 
roadway decks, where the spoiling effect was most pronounced. 


sections A to D shown in Figs 4 are lettered in chronological 
order of test and illustrate successive stages in the evolution 
of a design with very good stability characteristics. A 


tageous features already indicated were included, stability 
was achieved with all the sections. Table 2, which lists 


oP. 
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ba 
the stable configurations found with each type, shows that 
the number of stabilizing features which had to be incor- 
r porated decreased progressively through the series tested. 
“ Section A required wide stiffening-truss chords, close-spaced 
ye castellations on the hand-railing, and truss stringers. (No.1, 
% Table 2.) The width of the chords could be decreased (No. 2), 


or the extent of castellation reduced (No. 3), when the two 
roadways were divided into four (Section B), provided an 
open reservation separated adjacent roadways.* For economy 
in the construction of the towers and the piers the width 
between the trusses was reduced to 80 feet in Section C and 
-. the sidetracks were supported outside the trusses. By the 
use of wide chords and wide-spaced castellations on the 
handrailing, ‘stability was now achieved when plate-stringers 
were fitted on all four roadways. (No. 6.) Castellations on 
the handrailing became unnecessary when truss sidetrack- 
stringers were used together with wide chords (No. 4) or with 
the narrow chords provided the lattice horizontal bracing was 
raised to the proximity of the deck. (No. 7.) This improve- 
ment was maintained with Section D, which had its roadway | 
decks placed just above the top chords (Nos 8 and 9). The 
top-deck configuration D has the practical advantage that it 
permits the use of two widely separated planes of horizontal 
bracing which form, with the stiffening trusses, a box-structure 
of great torsional rigidity. The consequent increase in the 
| natural frequencies for the torsional modes, as compared with 
those of a bridge with a single plane of bracing, has the twofold 
advantage of yielding proportionately higher critical speeds 
and of increasing the separation between the natural fre- 
quencies of corresponding modes in torsion and in vertical 
bending. 
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- ConFirmatory Tests OF THE STABILITY OF THE PROPOSED 
SEVERN BRIDGE © 


- A large-scale sectional model was used to provide final confirmation 
- of the stability of the preferred design for the Severn Bridge. An increase 
of the linear scale to 1/32 was considered desirable to allow more accurate 
“reproduction of fine structural detail. Preliminary experiments had 
indicated that the oscillations of a still larger model might be affected by 


* Each roadway of the two-roadway sectional model A represented the combination 
| sectional models B, ©, and D, the two inner ones represented carriageways ; the outer — 


“ones each represented the combination of cycle-track and footpath. or brevity, the 
outer roadways are termed “ sidetracks.” ; 
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the proximity of the wind-tunnel roof and floor. The tests were carTi 
out in the large wind tunnel at Thurleigh Airfield. ; 
The design for the proposed bridge gives a centre span of 3,240 feet with 
a cable-sag/span ratio of 1/11, and two sidespans each 1,000 feet long. 
The suspended structure is a top-deck design with stiffening trusses 27 feet 
6 inches deep and spaced 78 feet apart. Its general form will be clear from 
the sectional drawing of Fig. 13 and from Fig. 12 (facing p. 205), which show 
a photograph of the model structure. High torsional rigidity is ensured 
by the two planes of horizontal bracing at the levels of the top and bottom — 
stiffening-truss chords. Each sidetrack comprises a cycle-track and foot- 
path 9 feet and 6 feet wide respectively. The sidetrack balustrades are 
made up of a top horizontal railing supported at intervals on vertical | 


Fig. 13 
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Scale of drawing: | inch = 1 foot 
(Dimensions shown apply to full-scale bridge) 


Cross-SEcTION SHOWING GENERAL ARRANGEMENT OF MODEL 


posts, the area between the posts being filled with panels of 3/4-inch 
diameter vertical bars spaced at 6-inch centres. The 24-foot-wide carriage- 
ways are separated by an open reservation and are bordered by balustrades 
similar to those of the sidetracks except that a 6-inch-by-3-inch channel 
is incorporated at approximately mid-height as a crash barrier and that, 
up to this level, the bars slope outwards over the reservations. Both side- 
track and carriageway decks are supported on plate-web-girder stringers. 

The model represented a .600-foot length of the suspended structure. 
Considerable care was taken in its construction to reproduce all the 
important features of the full-scale design. The only significant departure 
from this was in the use of solid members for the model stiffening trusses. 
The full-scale design shows stiffening-truss chords of approximately 
square section built up on three sides with solid plates and with lacing on 
the underneath side. The diagonal and vertical members of the trusses 
are of rectangular section formed by solid plates and two opposing sides and 
lacing on the remaining sides. Since the solid surfaces of all these mem- 
bers would have been bluff to the transverse winds in which the tests 
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were made it was considered that a solid representation was adequate. 
The model was made so that it could be separated into two equal lengths, 


each corresponding to 300 feet. Tests were carried out with the full 


length and with the half length, to provide information on the influence of 
the model-length/width ratio. . 
The model was mounted on steel spring suspensions carried by frames 


which tilted to give the desired vertical incidence to the wind. The 
_ Suspension arrangements permitted pitching combined with either vertical 


_ translation or lateral translation motions, as well as tests with each of these 
- motions isolated. Tests with the lateral freedom included were necessary, 


A 


since with the top-deck structure the lateral and pitching motions were 
inertially coupled, owing to the offset of the centre of mass above the elastic 
axis of the structure. In all three motions viscous-oil dampers were 


_ provided to enable the amount of structural damping represented to be 
_ varied. The position of the pitching-axis of rotation could be altered. 


The three positions used in the tests were midway between the stiffening 


__ trusses at the levels of the top, bottom, and midway between the top and 
bottom chords. ; 


The inertias of the model conformed with the requirements for strict 


3 inertial scaling. Initially the frequencies were adjusted to values 3-2 times 
_ greater than those calculated for full-scale. This yielded a speed-scale of 


1/10 and enabled the tests to be carried out up to wind speeds correspond- 
ing to approximately 140 miles per hour. The minimum values of 8g; 
_ and 6z, were 0-01 and 0-06 respectively. No instability of any type occurred 


in these tests which covered an incidence range of between + 15 


degrees. : 
; No further tests involving the lateral and vertical motions were made. 


_ With the more important pitching motion, Ng was reduced to allow tests 


to be carried out up to wind speeds equivalent on full-scale to more than 
200 miles per hour. The value of 59, for these tests was 0:02. No 


instability was observed for these conditions, but to provide further 


information the variation of the damping rate due to wind only (66) 
with wind speed was measured. The curves of 56, against V, for several | 
wind incidences are reproduced in Fig. 14. These show that for negative 
wind incidences the damping rate became increasingly positive. For 


positive incidences the damping rate increased with the initial increases 


_of VY, and thereafter maintained a substantial positive value for the whole 
speed range tested. These results verified that the design of stispended 

structure proposed for the Severn Bridge was satisfactory from the stand- 
point of aerodynamic stability. . 

In addition, the model was used to confirm some of the results found on 
the zi;-scale models and also to obtain some information on the effect 
of the width/length ratio of sectional models. Some unstable configura- 
‘tions of the model (for example, that obtained by covering the central 
reservation) were tested with model lengths representing 600 feet and- 

- - 14. <i : 
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300 feet. The results obtained with these two model lengths showed only 


small differences. ' 
One of the configurations of the zgo-scale model Section D (Fig. 8) 
represented the proposed design for the Severn Bridge but with less 
accuracy in the construction and in the reproduction of detail than vas 
possible with the dy-scale model. With dgs. = 0-02, instability of the 
smaller scale model in pitching motion was found in downwinds of 15 de 


4 


DamprnG Rares or Prrouine Oscrttations Due To WIN 
(gz-scale model of proposed Severn Bridge) . 


inclination at a critical speed corresponding to about 160 miles per hour. 
The more favourable result found with the #g-scale model may have been 
due to the increase of linear scale, or more probably, to the small differences 
in shapes of the two models. anton 
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_ the models and in the conduct of the experimental work. ; 
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: The Report is accompanied by nine photographs, seven sheets of dia- 
_ grams, from which the half-tone page plates and the Figures in the text 
__ have been prepared, and by the following four Appendices. 


APPENDIX I 
Notre on TH Damping PROPERTIES OF BRIDGES 


The total damping rate (5) of a structure in still air is made up of the contributions 
_ due to the structure only (8s) and that due to the surrounding air (64). The application 
of model-test results to prototype prediction requires a knowledge of the values of 35 
for both model and prototype. There is as yet no reliable method for calculating these 
values for a proposed bridge, and measurements of 5 on actual bridges, which might be 
used for statistical estimates, have only been made on bridges of short-span,1® The 
values of § found for short-span bridges varied from 0-05 to more than 0:2. Values for 
models are, of course, readily obtained by decaying-oscillation experiments. 
f. The aerodynamic part of the total damping arises from the effects of viscosity and 
pressure. For pitching oscillations of similar sectional models, dimensional analysis 


_ requires :— 


pe Ne : 
a | = orf La | ee mapa? Ms fn) 
2 where 6 denotes the amplitude of oscillation. a 
: Both theory and arperiuent suggest that the relation (1) will take the form : 
it boa Br | aot aide + att + «| piano (0). 
‘ at whieh Gio, a, ete., are coefficients dependent only on. the parameter »/B?Ne, 


t: 
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The equivalent expression for vertical translatory motions is :— 


Bt z, 2_\" 
sam [5 + bs (#2) + %(F) bedts | oo aa 
where z, denotes the amplitude. ; 
The theoretical evidence on this subject is exceedingly scanty. The aerodynamic 
forces on a circular cylinder of diameter B,, oscillating in still air with frequency Nz 
at right angles to its own length and with a small amplitude, have been calculated by 
Stokes.1? For small values of the parameter v/B,2Nz, his analysis leads to the 


approximation : aap : 
bye | et ee 
B,2Nz , 

If it is supposed that the values of 8,4 for small oscillations of the bridge section 
of the type proposed for the Severn Bridge do not differ very widely from those given 
by a circumscribing cylinder, the data (expressed in lb.-foot-second units) appropriate 
to the lowest frequency of oscillation on full scale may be taken as :— 

B, = 117; Nz= 0-13; p= 0-0766; v= 1-56 x 10-*; I; = 1-41 x 10* 

Formula (3), with the coefficient b, only included, then gives :— 

824= 1-23 x 10-* 

This suggests that the aerodynamic damping 8,4 for small-amplitude vertic 
oscillations of full-size bridges may be very small in comparison with the struct 
damping 87s. 

Some values of 54 were measured during the course of the Severn Bridge investig 
tion. The results for the 1/100-scale models A and D gave respectively the relations : 

894= pB*/2I, (0-01 + 0-29 45) 
394= pB*/2I (0-05 + 3-40 89) 

Measurements of 5,4 were not made, but the following values, for Section A and D 
respectively, were estimated from the measured values of 594, assuming the damping — 
forces to be uniformly distributed across the width, 

x 324= pB*/2I, (0-17 + 21-9 z,/B) 
334= pB*/2Iz (0-27 + 32-2 zo/B) 


0-0053 and 0-0045 for 8:4. These compare with theoretical values of 0-00355 by 
0-00386 A gg by equation (4) for the 1/100-scale models on which the measurements — 
were made. : 

Values of 8.4 for complete bridges or their models will be influenced by the oscillation 
wave-form. They may be calculated by a method suggested by Vincent and McHugh,* / 
' provided the sectional-model values and the oscillation wave-form are known. For 
pitching oscillations the method yields :— 


. a 
§,.4(full model) = cr, [+ -|- a, % Haiea ote a0" nes ra | (5) 
where x denotes the distance along the span, 


f(x) expresses the wave-form with respect to a convenient reference point, . 
and @, denotes the amplitude at the reference point. 


APPENDIX IT 


Tax Lancer Wrxp TUNNEL 

ae a and yy em 
e wind tunnel (see Figs 15 and 16, facing p. 205) was not ined see mnt 
structure and hence the main considerations Senet) its Page that of low cost of 
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- construction rather than that of high aerodynamic efficiency. For this reason the 
tunnel was of the non-return-flow type and used only one fan. It was erected in a 
_ disused aircraft-hangar and was raised from the hangar floor only by the few feet 
_ necessary to accommodate a well for the turntable. The fabric of the tunnel consisted 
oA mainly of a timber framework lined with wallboard, and the roof was suspended from 
" Bailey bridge girders supported at their ends by vertical concrete pillars.. The four 
_ main components of the tunnel were :— 
d (i) The test chamber.—{(a) in Figs 15.) This had a floor area of 60 feet by 60 feet 
_ and was 7 feet high. The air entered the test chamber through a conventional bell- 
mouth fairing and a wire-mesh screen for smoothing the airflow. In the centre of the 


Figs 16 
(a) 


240 fc 


Hy ee Sao eee Bary 


ELEVATION 
Tur WIND TUNNEL 


chamber was a 55-foot-long turntable contained within a shallow quadrantal pit which 
allowed a rotation of 90 degrees. The flooring over the central part of the turntable 
_ was carried by the turntable itself, and the outer annular area was filled by wedges 
"of 5-degree angles constructed of boarded trestles, which were lifted successively when 
~ the model had to be rotated relative to the wind direction. 
md (ii) The contraction chamber.—[{(b) in Figs 15.] The contraction chamber was 
_ 60 feet long and in this distance the cross-section developed smoothly from a 60-feet- 
__ by-7-feet rectangle to the 12-foot-diameter circle of the adjoining fan annulus. A wire- 
~ mesh screen at the front of the contraction chamber helped to ensure even airflow in the 
_ test chamber. ; : 
iii) The fan and fan annulus.—{(c) in Figs 15.] The fan annulus, 12 feet in diameter 
‘and 3 feet in length, was of all-timber construction and stiffened to ensure that the 
~ gmall clearance between it and the two-bladed fan was maintained. The fan was 
driven by a concentric 130-horse-power motor with fine speed control. 
(iv) The diffuser —{(d) in Figs 15.] This was of circular section, 30 feet in length, 
_ and expanded from the fan annulus to a diameter of 16 feet at the discharge. 
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Performance mA 
het of the aerodynamic characteristics were made initially on a 1/12-scale m 
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APPENDIX IV 


ConvERSION FAcTORS 
(British to Metric Units) 


The following list shows the factor by which the British value should be multiplied 
in order to obtain the corresponding metric value. 


1 inch = 2-54 centimetres 
1 foot = 0-3048 metre 
1 square inch = 6-4516 square centimetres - 
1 ton = 1,016-0 kilogrammes 
= 1-016 metric ton (tonne) 
1 mile per hour = 1-6093 kilometre per hour 
r¢ 
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TABLE 1.—COMPARATIVE RESULTS FROM SECTIONAL-MODEL AND 
FULL-MODEL TESTS 


The models represented a mid-deck bridge of Section A, Fig. 4. In its sta: 
condition, the model decks were separated by an open reservation and were fitted with 
paling-type handrailing and truss-type roadway stringers. The values for the struc- 
tural damping were :— 


Full Model— 52s = 0-035, 30s = 0-05 
Sectional Model— 8zs = 0-06, 59g = 0-05 


The full model was tested up to speeds corresponding to values of Vy of 15 and 
for vertical and torsional oscillations respectively. Higher values were reached in 
the sectional-model tests, but for the purpose of this comparison the above values are 
taken as the limits for both types of test and a result is given as stable when no oscil- 
lations occurred up to these limits. Only the lowest critical values are quoted here 
since on the full model the critical speeds for the upper limit of the instability range 
were ‘usually marked by the onset of a further mode of oscillation. 


[Table 1 is continued on p. 221.] 
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TABLE 1—continued 
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Lowest critical values of V, 


Model configuration ae fe < Vertical oscillations. | Torsional oscillations 
Sectional Full Sectional Full 
’ model -| model model model 
Standard Ts li, 
— 5,0, 5 Stable Stable 
10, 15 
_ Standard but with all 10 7-0 6-8 
~~ handrailing removed. |-----~--| | -----| | -----|-------|------- 
ae — 15,— 10 
by —5, 0 Stable Stable 
5, 15 
Standard but withsolid-| 0 3-4 3-8 
plate handrailing. |—-------|| -----|| =---- |-------|------- 
— 15, —10 
— 5,5 Stable Stable Stable Stable 
10, 15 
Standard but with close-| — 15, — 10 
spaced castellated- | — 5, 0,5 Stable Stable 
paling handrailing. | 10, 15 
Standard but with the 15 5-0 4-7 
handrailing on the |—--------|| -----|| ----- |-----7-7]--7-7- 7-7 
5 inner edges of the 10 5-4 4:8 
PPVcReribeeways re- |———-=——=>) | —-—-—| | —a-—— Pam oe 
__ moved and a solid 5 7-2 6-9 
t cover fitted over the |—=—----—-]| | -----| | -----|---7=>7-7-]- 777777 
= central reservation. | 0, — 5 Stable Stable 
>. — 10, — 15 
¥ a 
Standard but with the 15 Stable Stable 5-5 Stable 
stiffening trusses | ----—-——-—-—]---—---—-|-------]-- 757-7 4-- 
covered to represent 10 Stable 18 2-6 2-5 
the PACE ANIA ore eS a a mis he 
_ effect of solid-plate- 5 17 0-7 2-4 2-7 
girder stiffening. . |==--—-—-|=-—— FE ee eS ee a 
0 1:8 16 2-4 2-6 
et Al pees ty 24 2-5 
he op Stable LT 2:8 2-4 
° naa 15 % Stable 5:8 4-2 


Stable 
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%, Paper No. 5848 


_ ** A New Method of Gauging Stream Flow with Little Afflux 
by Means of a Submerged Weir of Triangular Profile ’’ 

4 by 

Edwin Samuel Crump, C.I.E. 


(Ordered by the Council to be published with written discussion) + 


SYNOPSIS 


__ The high cost of single-gauge measuring-weirs, resulting mainly from the large 
 afflux required to ensure modularity, is often found to be prohibitive. Substantially 
- to reduce afflux and cost, a measuring-weir must be capable of operating when sub- 
- merged (that is, in the non-modular range) and this involves double-gauging with its 
__ attendant complexities and liability to error. A new method of double-gauging 
_ applied to a weir of triangular profile largely overcomes these defects. The upstream 
gauge records the total head 7’ by means of a Pitot pier ; the downstream gauge records 
_ the pressure-head P at a point on the downstream face of the weir a short distance from 
_ the crest. Tests made by the Author on a model-weir of standard profile show that 
_ the modular coefficient of discharge is sensibly constant, and that the ratio f= 9/u 
_ of actual to modular discharge (for a given value of 7’) is a unique function of the ratio 

P/T of the two gauge-readings. A table presenting this unique relationship provides a 
_ ready means of calculating the discharge from recorded values of 7 and P. 


ze : _ InrrRopucTIon 


_ In countries like India, where large revenues are derived from vast irriga- 
__ tion schemes, experience has shown the wisdom of encouraging the instal- 
lation of devices of the highest attainable degree of precision for the 
measurement and distribution of; irrigation water. With ample funds 
available, the device commonly applied for this purpose is some form of 
the long-throated weir, in which, when properly designed, the discharge 
is given by the gauge-reading observed or recorded at a single station 
~ situated upstream of the weir. The method is simple and the discharge 
can be ascertained with less than 1 per cent error. Unfortunately the cost 
is high and, in countries where water has little earning value, would gener- 
ally be regarded as prohibitive. In Britain, for example, it would seem 
_ that cost is a primary consideration, and that the prevalent demand is for a 
__ weir of much lower cost, capable of measuring the discharge of a stream 
over the whole range of flow, even though this can only be done with a 


rt Correspondence on this Paper should be received at the Institution by the 
Ist July, 1952, and will be published in Part I of the Proceedings. Contributions 
_ should be limited to about 600 words.—Szc. I.C.E. ra 
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degree of accuracy much inferior to that of a long-throated weir. The 
only sure way of reducing cost is to sacrifice modularity, and to design 
the weir to operate in the submerged, or non-modular, range of performance. 
In this range, since the discharge is now a function of two independent — 
variables instead of one, the measurement of discharge is a much more- 
intricate process. The standard procedure is, first, to establish the valu 
of the modular coefficient C,from which to calculate the modular discharge — 
corresponding to the upstream head 7’; and then to ascertain the manner 
_in which the reduction factor f = Q/Qy, varies with different degrees of — 
submergence, that is to say, with the ratio of the downstream to the 
upstream gauge-reading. Difficulty in obtaining reliable results from 
double-gauging arises from three main causes :— : | 
(1) Abnormal turbulence due to power-dissipation causes the surface 
of the stream to be disturbed for a considerable distance downstream of 
the weir. A downstream gauge purporting to record tail-water surface- 
level must therefore be placed far enough downstream to be immune from 
these disturbances, but because of the frictional loss of head between weir 
and gauging station, the gauge then fails to give a true measure of the — 
downstream head in the vicinity of the weir. 
(2) In the majority of cases, the modular coefficient Cy, is not constant, — 
but increases with the upstream head ZT. Unless known from previous — 
experience, the relationship between Cy, and 7 must be determined by — 
laboratory tests on a model of the proposed weir. 
(3) If Cy is not constant, the relationship between the reduction factor 
f and the ratio of submergence is not unique, but is different for different — 
values of 7’. This relationship must in any case be determined by model- 
tests, so that if the relationship is not unique, the number of tests required 
is greatly increased, and the labour of computing discharge, from observed 
or recorded gauge-readings, becomes extremely tedious. 
In seeking for a form of weir likely to prove suitable for double-gauging, 
it was realized that the best, and possibly the only, chance of success 
lay in finding a weir which avoided these difficulties and complexities. It 
was found that in the case of all weirs which are rounded or have a flat 
facet in the vicinity of the crest, Cy, increases with 7’, whereas all weirs 
of triangular profile investigated by Bazin exhibited, for each particular 
profile, an approximately constant value of Oy,. 

_ Constancy of coefficient simply implies that the flow pattern, in the 
vicinity of the “ control section,” conforms to the Froude scale of simili- 
tude: the pattern for one head 7’; is a scalar facsimile of the pattern 
for another head 7's. Moreover, such similitude also applies to all linear 
quantities associated with the pattern, and it is of particular interest and 
importance to note that it must apply to the shape and pressure-head of 
the low-pressure pocket of eddying water which, in all weirs of triangular 
profile, is formed just downstream of the crest of the weir, where the — 
effective jet is deflected upwards by the upstream face, before descending 


ee TORR a nee eet me 


CRUMP ON A NEW METHOD OF GAUGING STREAM FLOW 225 


_ to become adherent to the downstream face some distance from the crest ; 
_ 80 that, at the control section where the underside of the jet reaches the 
_ highest point of its trajectory, the jet overlies a pocket or roller of circulating 
~ water which makes no contribution to the effective flow. 


This consideration suggested an alternative method of double-gauging. 


Instead of a remote gauging-station recording, with indifferent accuracy, 
_ the downstream head h’, the pressure-head P of the low-pressure pocket 
could be recorded by a piezometer connecting with the pocket through 
_ tappings in the downstream face of the weir. Preliminary tests made on a 

small model of the triangular weir (shown as Model C in Fig. 1) showed 


Fig. 1 
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~ 


| that, when operating in the modular range, the pressure-head P was 
_ always about 25 per cent of the upstream head T ; whereas, at the modular 


limit, the downstream head h’ was about 75 per cent of 7’. This meant 


that in the non-modular range the gauge P would be about 3 times as 
sensitive as the gauge h’, thereby offering greater accuracy in measuring the 


- discharge. 


Although Bazin’s investigations were confined to the modular range and 


therefore promised similitude in that range only, there appeared to be no 


reason why the principle of similitude should not also apply in the non- 


modular range. If it did so apply, then, with different values of 7, but 


df 
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with the same value of the ratio P/7', discharges would be similar, that i 
to say, proportional to 7?; so that the reduction-factor f would be a 
unique function of the submergence ratio P/T. If these hopes were realized 
in a model-test, it would mean not only that the three difficulties mentioned — 
above had been overcome ; but that the value of C,, and the relationship — 
of f to P/T, given by the model-tests, could confidently be applied to a 
full-scale weir of similar profile. The extent to which these hopes were 
realized will be apparent from the test results recorded later in the Paper. 

A further advantage to be gained by piezometric gauging is that the tw: 
gauge-wells or float-chambers recording the values of 7 and P can be 
placed so close together that the two recording mechanisms can be driven _ 
from a single clock ; and values of T and P can, if desired, be recorded on: 
a single chart, thereby ensuring synchronization of the two variables, and 
greatly facilitating the process of computing the discharge from a standard — 
curve or Table. 

In the sections which follow, various matters relative to the behaviour 
and gauging of measuring-weirs are discussed; examples are given to 
illustrate and compare the widely different behaviour of weirs of different — 
contour; the convenience—in the case of submerged meters—of direct — 
measurement of the upstream head, by means of a Pitot-pier, is stressed ; _ 
and an interesting example is given of an alternative method of double- — 
gauging applied to the case of a long-throated weir. . | 


CriticaL FLow AND THE CoNTROL-SECTION 


Whilst the principle of “ minimum energy,” as applied to determine 
the coefficient of a long-throated weir, is well known, it is perhaps not 
commonly realized that the principle is of general applicability. The 
principle postulates the existence of a “ bottle-neck ” or control section, 
and asserts that, at this section of the effective nappe, the variables, in _ 
terms of which both the discharge Q and the total head 7 can be expressed, 
will assume the unique values required to give both the differentials dQ 
and dT a zero value. For example, if the discharge is constant, so that 
dQ = 0, the second condition d7 = 0 implies that 7 will have the mini- 
mum value. Alternatively, if 7’ is constant, so that d7 = 0—as would 
be the case where the weir formed the outlet from a large reservoir—then 
dQ = 0 implies that for this value of 7 the discharge will have the maxi- 
mum value. It is seen that the two alternative conceptions of maximum 
discharge for a given head, or of minimum head for a given discharge, 
both lead to the same mathematical results (obtained by partial differentia- 


tion of Q and 7) and yield two independent relationships between the 
variables, 


If, for example, the variables are :— 
a to denote depth of effective nappe, . 
p to denote manometric pressure at underside of nappe, 


= 4 rel Se Tha = sel ie ala 
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ys 
_ and r to denote radius of curvature of underside of nappe, 


then 
; Owe OE ceed ole Shs tailor(l) 
a and one of the conditions to be satisfied is : 
ap oF oF or 
ie Sol as Sa ame iaeak (2) 


If the weir has a rounded crest, so that the nappe at the control section 
is adherent to a solid boundary, then r is constant and the last term in (2) - 
_ disappears. If, on the other hand, the profile of the weir is so abrupt that 
_ separation occurs, the control section is situated a little downstream of the 
crest at the section where the underside of the nappe. attains its highest 
level. If the nappe is freely aerated, and tail-water low enough, it may 
_ ride on a pocket of air at atmospheric pressure ; if the weir is drowned, 
_ the nappe rides on a pocket of water where pressure is determined by the 
level of the tail-water. In either case, the pressure p: is constant, and the 
- middle term of equation (2) disappears. : 
~ In general, it may be stated that if the functional relationship of Q and 
_ T to the variables could be expressed mathematically, the discharge of 
any weir, free or drowned, could be determined by applying the principle 
_ of critical flow. 


MopvuLarIty 


When the discharge of a weir depends only upon the upstream head, 
and is independent of the downstream head, that is to say, of tail-water 
~ level, its performance is said to be modular. When, with an increase of 
- downstream head, this independence ceases and the discharge depends 
upon both upstream and downstream head, the performance is said to be 
non-modular. 

= In cases where the nappe leaving a weir falls freely into air, the per- 
formance is manifestly modular. In other less obvious cases, modularity © 
_ is frequently associated with the formation, downstream of the weir, of a 
 standing-wave which effectually protects the control section from the 
_ effect of relatively high pressures prevailing in the deep water downstream 
_ of the wave. The matter may be illustrated by considering the behaviour 
_ of the triangular weir shown as Model C in Fig. 1, this being the profile 
that the Author proposes to adopt as a standard in connexion with his 
new method of double-ganging. With this profile, separation takes place 
at the angular crest where the nappe is deflected upwards by the upstream 
face, rides on a pocket of eddying water that makes no contribution to 
the flow, and—if the tail-water is low enough—returns to become adherent 
to the downstream face at some distance from the crest. If the standing- 
q wave is remote, conditions of flow at the control section depend upon the 
4 pressure prevailing in the eddying pocket underlying it. The limit of 


= 


; A 3 
* < ’ : 
g 2 " “- : } 
a a =i on a - ~ 
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modularity is attained when the wave-front reaches the downstream en 
of the pocket, so that the higher pressure of the buffer is communicated 
the pocket. At this phase, the pocket is inflated, the curvature an 
velocities of the nappe are reduced, and the discharge-coefficient of th 
weir falls below its modular value. 


GAUGING 


: In the modular range of performance, a single gauging-station, recording 
the upstream head, suffices to determine the discharge at all stages of flow. 
In the non-modular range, the discharge can only be ascertained by 
introducing a second gauging-station downstream of the weir. The dis- 
charge then depends upon two independent variables in a manner which, — 
if not known from previous experience, must be determined by experiment. 
This being the case, it is important to choose these variables so that the 
functional relationship between them and the discharge Q is independent 
_ of the local peculiarities of the two gauging stations, and dependent only 
upon the profile of the weir. If, for example, a gauge-well or float-chamber 
fitted with a clock-driven recording mechanism is installed at each of the 
two gauging stations where the heights H and h of surface above crest- 
level are recorded, the correct procedure is to adopt as variables : 


ye 2 


where A and a denote the cross-sectional areas; V = Q/A and v= Q/a — 
denote the mean velocities at the two stations. The functional relationship — 
between Q, H’ and h’ can then be expressed as : ; 
Q=f-Qu - ; nut Aa 

where Q,, is the modular discharge corresponding to the upstream head H’, 
and f is a function—peculiar to the type of profile adopted—of the ratio of © 
submergence (h'/H’). | 
The method of double-gauging visualized above is subject to the follow- 
ing disconcerting considerations :— 
(1) Whilst the upstream station would be close to the weir, the down- 
stream station must be placed far enough downstream to be immune from 
the disturbing effects of turbulence and surface oscillation occasioned by 

ore Q(H’ — h’) ; 

the dissipation of ate horse-power downstream of the weir. To. 
meet this requirement, the distance between the two stations may be 
great enough for disregard of frictional losses between the two stations 
to result in an appreciable under-estimate of the downstream head h’. 
And, as will be seen later, a small error or uncertainty in h’ may involve a 
large error in the reduction-factor f. % 
(2) With separate clocks at the two stations, defective synchronization 
may give a false indication regarding simultaneous values of H’ and h’. 
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(3) If the cross-sections of the channel at the gauging stations are liable 
_to alteration by deposition or scour of bed-material, frequent soundings 
- would be necessary to furnish correct values for A and a. 

(4) Since H’ and h’ contain terms involving Q, neither Q,, nor f can be 
_ expressed as explicit functions of observed quantities ; so that, in calcula- 
ting the value of Q, recourse must be had to a tedious “ trial ned error ” 
method. 

If the weir is two-dimensional, that is to say, has the same profile 
_ throughout the width B between parallel vertical side-walls, the modular 
discharge is given by the equation : 
a ere (a eS ea 
~ where the modular coefficient C,;may be sensibly constant, or may increase 
with H’. Whilst much data is available regarding the values of Cy, for 
_ weirs of various profile, so little is known regarding the relationship between 
: al and (h’/H’) that in designing a double-gauge measuring-weir, it would 
_ almost certainly be necessary to determine the relationship by preliminary 
_ model-tests. 


TYPICAL SUBMERGENCE-CURVES 


The behaviour of a weir is most readily presented by a submergence- 
curve showing corresponding values of the reduction factor f= Q/Q,, 
_ and the ratio of submergence (h'/H’). Such curves, showing the results 
_ of tests made on four different two-dimensional weirs, are shown in Fig. 1. 
_ Curve A is plotted from results obtained by J. B. Francis and Ftely- 
_ Stearns for a sharp-crested weir; the other three curves show results 
. obtained, at various times, by the Author. A point to be noted is the very 
- wide range in values of the modular limit. These range from a negative 
~ value (not shown) for the sharp-crested weir of Model A, to the very high 
_ value of 94 per cent for the long-throated weir of Model D. 
The apparent anomaly presented by Curve A in rising above the line 
_ f = 1-00 calls for explanation. In this case the modular limit is reached 
_ well before tail-water rises to crest-level. Before the limit is reached, the 
_ nappe is discharging into free air, the air-pocket under the nappe being 
maintained at atmospheric pressure by a generous supply of air from vents 
in the side walls. Below the air-pocket is a mass of eddying water, the 
surface of which stands at a higher level than the tail-water ; so that, 
before tail-water rises to crest-level, the air- -pocket is replaced by water 
_ at less than atmospheric pressure, the effect of which is to increase the 
curvature and velocities of the nappe at the control section. As a result 
of this change, the first effect of submergence i is to cause an abrupt increase 
in the discharge-coefficient. With increasing submergence, pressure on 
_ the underside of the nappe increases, thereby reducing the coefficient until 
it regains its original modular value at a drowning ratio of about 7 per 
cone: 3 * ; ? 
eg 3 


= AAT 
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In Model B, the cylindrical crest was formed by a drum, rotated 
investigate pressures. When modular, the nappe adhered to the drum 
the pressure at the crest being less than atmosphere. The modular limi 
was reached when conditions at the control section were altered at a a 
mergence ratio of about 18 per cent. The kink in the curve at about 
54 per cent submergence marks the point where the nappe abruptly 
changed from “ plunging ” to “ floating.” ; : 

Model C is the Author’s standard weir for double-gauging. Its selectio: 
was prompted by results obtained by Bazin for a variety of weirs 
triangular profile. A merit common to all triangular weirs is that with 
varying head H’ the modular coefficient Cy, remains virtually constant. — 
The submergence curve for Model C is plotted from test-results presented 
later in the Paper. It is seen that the model has a high modular limit of 
70 per cent, and that with a submergence ratio of 80 per cent the departure 
from modularity is less than 1 per cent. 

Tests on Model D were carried out by the Author in 1918. The model 
used was an idealized replica of what was, at that time, the standard design” 
of weir for river barrages at the headworks of perennial irrigation canals 
in the Punjab. It may be regarded as the forerunner of the standard 
measuring weirs subsequently brought into general use on irrigation canals 
in India. 

In considering the utility and significance of submergence-curves, the 
following points may be noted :— 


(1) The afflux caused by the weir being given by the expression 
H' —h' = (1 —/2W’/H') . H’, its value expressed as a multiple of H’ can — 
be seen from the curve at a glance, since the multiplier is merely the — 
complement of the submergence-ratio. ? 

(2) Since flow ceases when h’ and H’ have the same value, it is clear 
that every submergence-curve must terminate at the point (h’/H’) = 10; _ 

(3) The higher the value of the modular limit, the more steeply does 
the curve descend. This implies that, with double-gauging of h’ and H’, 
errors in the value of f, arising from the uncertainty that always attaches 
to H’, increase with the modular limit. For instance: the flattest part of 
Curve D, occurring immediately after the modular limit is exceeded, is as 
steep—and therefore liable to as great error—as the steepest part of 
Curve A, where non-modularity has so far advanced that the discharge Q 
is only 40 per cent of Qyy. 2 


The inescapable conclusion to be drawn from the curves of Fig. 1 is 
that: if accuracy is the only consideration, the best form of weir for this 
method of double-gauging is the sharp-crested weir of Model A, or some 
equally abrupt and aftlux-producing alternative. ‘ 

A disadvantage of weirs of abrupt profile is, however, that the large 
afflux they produce necessitates the provision, downstream of the weir, of 


_ 


ee sil ees ee 
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costly flooring to protect the bed against erosive action resulting from high 
_ power-dissipation. 


Tar Lone-THROATED WEIR 


Curve D of Fig. 1 suggests that a long-throated weir of high modularity 
is unsuitable in cases where double-gauging is contemplated ; the curve 
_ of descent is everywhere so steep that little reliance could be placed on 
_ results obtained in the non-modular range. 

Confined to use in the modular range, its merits, as an accurate single- 
gauge measuring device, are outstanding. With a proper choice of the 
width B, it can be designed to operate, in the modular range, over the 
_ whole range of flow without causing unduly high afflux at any stage. To 
~ ensure modularity, however, an ample margin of safety must be allowed to 
_ cover uncertainty in regard to the stage-discharge characteristics of the 
- natural channel, and also to guard against any possibility of the modular 
_ limit being exceeded by changes in the regime of the downstream channel. 
_ The afflux allowed under these precautions would usually involve, especially 
_ during floods, the dissipation in a standing-wave of a large amount of 
_ power downstream of the weir—namely, Q(H’—h’)/8-8 horsepower—render- 
"ing it necessary to protect the structure of the weir by means of a suitable 
_ stilling-basin. The length of a well-designed long-throated weir might 
__ well be as much as twelve times the maximum depth of flow of the natural 
- channel. In Britain, its high cost would in most cases be regarded as 
_ prohibitive. 


Pirot GAUGING 


The basic purpose of the upstream gauge is, in all cases, to ascertain 
the total head obtaining at the control section of the weir. With this 
_ object in view, the head H’ = H + V2/2g is usually ascertained by record- 

ing the height H at a station so close to the weir that the frictional losses 
occurring between the station and the control section are small enough to 
_ be disregarded. To avoid uncertainty regarding the sectional area A from 
_ which the mean velocity V = Q/A is calculated, it is always advisable to 
introduce at the station a level floor high enough always to remain clear of 
deposited material. If this is done, then, in the modular range only, the 
_ relationship between Qj, and H is unique and can be determined once for 
all, so that the chart-paper of the automatic recorder can be graduated to 
. read discharge directly. In all other cases, that is to say, if the gauging 
section is liable to deposition or scour, or if the weir is non-modular, the 
_ discharge Q can only be found by trial and error. In such cases there is a 
_ definite advantage in registering and recording the value of the upstream 
a head H’ directly, by means of a Pitot tube, or, more practically, by means” 


> 


_ of a Pitot pier embodied in the design of the weir.” Where this is done, the 


t 
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upstream head so measured is, in the Paper, designated by the letter T 
indicate its direct recording. 


Burxitt’s “ HEADLESS” METER 


In a long-throated measuring-weir, the position of the control section i 
approximately half-way down the throat. Although double gauging i 
only necessary if the weir goes out of modularity, it is always advisable 
provide for this eventuality by constructing a gauge-well communicatin, 
with the mid-point of the throat, and registering the depth of flow a a 
the control section. It would take the place of the usual downstrea 
gauging-station and render the latter unnecessary. 

Such an arrangement, intended for use in the non-modular range only, 
was introduced on Punjab canals by F. H. Burkitt who described-the 
device as a “ headless’ meter. The term “ headless’ was used, first, to 
emphasize the absence of a standing-wave and its associated loss of head, 
and secondly, because in Burkitt’s design the overall loss of head was 
reduced to a minimum by a gentle divergence downstream of the throat. _ 

In this device, with 7 and zx recorded, the discharge is given by ‘the 


equation : 

Q = BaV2g(T-2). 5!) Se ee 
or putting 2= kT : : 

Q=kVI-kV2g9B.Tt ..... (6) 
Differentiating for the maximum gives k = % and 

2 oi 
Qu = 57, V49-B.T . * . . . (7) 

so that 

f= Oy =>. eviE oe 


Regarding the ratio k = z/T as an alternative to the ratio h’/H', the 
submergence-curve given by equation (8) is shown by the dotted line of 
Fig. 1. Comparison with Curve D—applicable to the usual method of 
double-gauging—shows that the latter is about five times steeper than the 
dotted curve. Error in assessing the value of the reduction-factor f from 
the ratio of the two observed or recorded gauge-readings is therefore five 
times greater for the usual method of double-gauging than for Burkitt's 
method. An additional advantage of the latter method is that it-avoids 
the defects discussed under the heading “ Modularity,” and it should be 
adopted, in preference to the usual method, whenever it is intended to use 
a long-throated weir in the non-modular range and double-gauging becomes 
an essential requirement in the measurement of flow. ae 
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THe Move. 


' The model-weir used by the Author in obtaining the results tabulated 
x below is shown in Figs 2. It was fitted into a rectangular flume 22 inches 
_ wide and 13 inches deep with its crest approximately 3 inches above the 
4 _ steel floor of the flume. The weir-block had an upstream face at an inclina- 
_ tion of 1 in 2, and a downstream face at an inclination of 1 in 5, giving a 
_ crest-angle of 142 degrees 7 minutes. The block was truncated to give 


VIPDTI LIAL ALLL ddd \\ Sip 


ee Seale: one-eighth full size SECTION AA 

i ¢ of 22"x 13” flume 

10" 

: Hepa 1in6 

= . A . ‘ 
Ma uf Pitot pie: 

; 24° NTS. 

s 1 manometer tappings for recording we Y F WH 
2 data as indicated by symbols 

- HALF PLAN 
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2 Tsst Mopxx or Stanpakp Wuir oF TRIANGULAR PROFILE 
a 


an eyctall length of 14 inches with two vertical faces: one, 4 inches 
3 ee reiccam of the crest; the other, 10 inches downstream of the crest. 

_ The machined brass angle-plate, forming the crest of the weir, had eight 
4 © mall holes of ;4g-inch diameter, drilled on a line } inch from the crest, 
' communicating with an underlying duct. Two Pitot-piers 1 inch wide 
— the effective width of the weir _ one central bay of 10 inches, 


y | | 
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and two side bays each of 5 inches width. In the nose of each pier, at 
crest level, a single hole of 7g-inch diameter led to a second duct connected — 
to the T-manometer. Four manometers, recording the values of h, P, T 
and H, respectively, were mounted side by side on a vertical board carrying 
a scale with its zero at crest-level. Discharges were measured by means of a 
standard V-notch situated upstream of the model. In each of the six runs — 
recorded below, the discharge Q was kept constant while the tail-water_ 
level, recorded by the h-manometer, was varied by means of an undershot 
regulating gate situated at the downstream end of the flume. For each 
setting of the gate, simultaneous readings of the four manometers were 
taken. 


Test Resutts 


The following notation is used throughout the Tables :— 
Q denotes discharge in cusecs. 


F ,, height of crest above upstream floor in inches. 

h i ,,  tail-water surface above crest in inches. « 
P J ,»  piezometric column above crest in inches. 

uk ‘ ,,  Pitot-gauge column above crest in inches. 

H head-water surface above crest in inches. 


h’ = h + 12v2/2g = downstream head in inches, where : 
v = 144Q/22-0 (kh + 2-807) feet per second. 
H' = H + 12V2/2g = upstream head in inches, where : 
V = 144Q/22-0 (H +- F) in feet per second. 
P/T = effective drowning ratio expressed in terms of P and 7. 
h'/H’ = drowning ratio expressed in terms of h and H. 
Op = 24-94 Q/Tt = coefficient of weir in terms of 7. 
Cy = 24-94 Q/(H’)* = coefficient of weir in terms of H’. 


For the test of Table 5 only, the upstream bed was raised by gravel- 


ae to make F = 1-50 inch ; for all other tests, F had a value of 3-063 
inches. 


In the following Tables, and in Figs 3 and 4, values of weir-coefficients _ 
are expressed in British units in which the discharge Q (in cusecs) is given 


Q = Op . B ie 
where the width B and head T are expressed in feet. 


Thus, for an observed head of 7 inches, the effective width of the model 
weir being 20 inches, the value of Op is given by :-— 


Cr = Q + (5) (5) = 24-94 Q/TH A 


and similarly for values of Oy». 
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In Fog. 3 corresponding values of Oy and h’/H’ taken from Tables 
4 and 5 are shown by small circles. A curve drawn fairly through these 
points shows that, subject to a tolerance of 1 per cent, the standard weir 
~has a modular coefficient (Cy)y, of 3-456, and a modular range (h'/H’) yy 
_of about 80 per cent. It is of special interest to note that the performance, 


Fig. 3 


Non-modular 
Modular range = 80% corm | 
3-6 “ 


Modular value of C = 3'456 


_ Pepe] 
@ Plotted from Table 4° [1-437 | 3°063 | 
Oo dig 437 
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4 as represented by the curve, is apparently unaffected by a heavy deposit of 
~ bed material at the upstream gauging station. 

‘In Fig. 4 corresponding values of Cp and P/T have been plotted, a 
_ separate legend being assigned to each of the six Tables. Disregarding 
results for the two lower discharges, where the scale-effect to be expected 
with a small model is apparent, a smooth curve has been drawn through 
‘the numerous results of Table 4. Allowing for scatter due to experi-- 
_ mental error, all results for the three higher discharges conform to the 

rs 
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curve within + 2} per cent. Subject to an error of this magnitude the 
results confirm the existence of a unique relationship between the reduc- 
tion factor f and the submergence ratio F/T. For a standard weir, B feet: 
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wide, having the same profile as the Author’s model, the modular discharge 
Qs, is given by the formula :— - 


Qu = 3:580 BT! Ne cals ie email (9) 
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and the values of f required to give the actual discharge Q =f . Qyy are as 
_ tabulated in Fig. 4. 
These values have been read from the submergence curve recommended 
- for adoption as a standard. The curve starts from the point f= 1-0; 
_ (P/T) = 0-26, indicated on the diagram by a large circle. It will be noticed 
that, in the absence of a tail-water gauge, this method of piezometric 
gauging gives no information regarding the actual level of the tail-water. 
Knowledge of this level is quite superfluous, since a ratio of 0:26 between 
_ the two gauge readings P and T connotes modular performance, and the 
single terminal point of the curve covers the whole of the modular range 
_ regardless of tail-water level. 


Practicat DESIGN 


In practice, in designing a measuring-weir for double-gauging by Pitot 
and piezometer, in order to keep afflux low, the height F of the weir above 
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_ the bed of the natural channel should not be more than one-quarter of the 
- maximum depth of flow in the natural channel at the site of the weir. 
_ The maximum upstream head would then be about 3F. The two faces of 
_ the weir should be carried down to bed level to give the weir block an 
overall length of 7F. Vertical side-walls, high enough to contain the 
largest flow anticipated, should run parallel for the length of the weir block, 
and be carried into the banks with upstream and downstream extensions 
curved to a radius of 6F. The Pitot pier should be of the same height as 
the side-walls. It should have a semi-circular nose; run parallel from 
_ 1-0F upstream to 1-5F downstream of the crest ; and terminate at the 
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end of the weir block in a fish-tail 3-5F long. A single Pitot orifice of — 
}-inch bore should be at crest-level. It should be formed in a metal mouth- 
piece filed truly flush with the nose of the pier and might communicate — 
with the float-chamber through a 4-inch pipe embedded in the weir blocky 
To ensure accuracy and durability the crest or apex of the weir must be 
defined by an embedded section of non-corroding metal such as gunmetal. 
An actual example of such a section, in which a gunmetal casting forms 
a combined crest-angle and duct, is shown in Figs 5. The complete crest 
is made up of 4-foot lengths bolted together with fitted bolts to ensure — 
alignment. Each section is machined on the upper and end-faces, and 
has a central hole of }-inch bore drilled 2 inches from the crest. 


EVALUATION OF DISCHARGE 


In practice, simultaneous values of the upstream-head 7 and the pres-_ 
sure-head P would both be recorded in feet. From these two values, th 
engineer concerned would evaluate the corresponding discharge Q at such 
epochs as he might consider desirable. He might find it convenient to 
draw up his own table, calculated from formula (9) above, showing corre- 
sponding values of the modular discharge Qj, for various values of T. In_ 
this case, he would take the value of Q,, from his Table and use the lower — 
Table of Fig. 4 to give the actual discharge Q=f.Qy. Otherwise he 
would use the upper table of Fig. 4, showing the value of Cp to be used in 
caloulating: Q = Cp x B x T* by slide-rule. 


The Paper is accompanied by five sheets of diagrams from which the — 
Figures in the text have been prepared. 


CRAEMER ON MAXIMUM CONDITION, APPROXIMATION, AND 243 
SUPERPOSITION IN THEORIES OF PLASTICITY AND OF EARTH-PRESSURE 


Paper No. 5840. 


‘Maximum Condition, Approximation, and Superposition 
in Theories of Plasticity and of Earth-Pressure ”’ 


by 
Professor Hermann Craemer, Dr Ing. 


(Ordered by the Council to be published in Abstract form) + 


The theory of plasticity, in its most conimon form, assumes that the 
normal stresses, 0, remain constant once the yield stress, oy, has been 
reached. In problems dealing with limiting states of soil, the angle be- 
tween the resultant stress and the perpendicular to the element is assumed 
to remain constant after reaching its maximum—the angle of repose. 

In a statically determinate beam under betiding the limiting state of the 
structure as a whole is reached when, in one cross-section, all elements are 

_ stressed with a, (plastic hinge) whereas in an indeterminate one there must 
_be enough plastic hinges to turn it into a mechanism. In thé case where 
there are only single loads, the position of the hinges is usually obvious but 
_ that is not so in the case of distributed loads. The magnitude of the 
_ plastic -moment, Mz, however, depends only on oy and the cross-section. 
If, then, x; denote the position of hinge “1,” Mp, may be expressed, for 
equilibrium, as a function M,, = f(P, 2%,), aid the trué positions make My, 
a maximum or, in turn, P a minimum : 
dM pj 
dx; 
A similar condition holds for ¢, if the sections vary. 
If, instead, « is only estimated, M>, will only slightly decrease. Thus 
reasonable approximations may be obtained very easily. For example, 
for a beam clamped at one side, freely supported on the other, and equally 
loaded, the correct distance of the hinge from the free support is 0-4141. 
_ By choosing it at midspan, the moment is found to be only 3 per cent too 
_ small. 
, Inversely, if two cases of loading act simultaneously (for example, the 
_ former plus a single load at midspan) the true hinge will be somewhere be- 
tween 0-414 and 0-57. If, then, the moments corresponding to each case 
ate added, a value is obtained which is slightly more than the correct value 
(the modified principle of superposition). 
The foregoing holds also for plates (K. W. Johanson’s theory). The 
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+ The full MS, and illustrations may be seen in the Institution Library.—_ 
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parameters of the network of fracture lines are either to be rigidly deter- 
mined by equation (1) or estimated. = 
Since the influence of the correct position of the hinges is small, in tests — 
with beams, frames, or plates the ultimate load will often be found ac- 
cording to the plastic theory but the collapse mode will not. 
“In soil mechanics, too, the sliding surfaces can be determined either by | 

- acondition similar to equation (1) or by estimation. In a rather complex ~ 
earth-pressure problem the Author has found an error of only 7 per cent by 7 
adopting a sliding plane inclined as 60 degrees instead of 52-5 degrees as 
obtained by a maximum condition. . 


The Paper is accompanied by two sheets of diagrams. 


CORRIGENDA 


Journal, November, 1951 
Paper No. 5820 (Carroll) 7 
In Fig. 2, p. 497, for “5-5 per cent” read “ 15-5 per cent.” P 
Supplement, October, 1951 | 
Correspondence on Paper No. 5801 (Neal and Symonds) 


p. xxxvi, line 16, for “ moment” read “ stress ”” I 
line 18, after ‘‘loading” add ‘‘for shakedown to~ 
occur.” 4 


+e 


p. xxxvii, at end of Author’s reply, add, “‘ Moreover, in the case 
of proportional loading, the greatest elastic stresses — 
do not occur at the three cross-sections 2, 3, and 4.” 
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